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STS-51 PAD ABORT FINAL REPORT
- INTRODUCTION -

The STS-51 initial launch attempt of Discovery (OV-103) was terminated on KSC launch
pad 39B August 12, 1993 at 9:12 AM E.S.T. due to a sensor redundancy failure in the
liquid hydrogen system of ME-2 (Engine 2033). The event description and timeline are
summarized in Table 1.

Propellant loading was initiated on 12 August, 1993 at 12:.00 AM EST. All SSME chill
parameters and Launch Commit Criteria (LCC) were nominal. At engine start plus 1.34
seconds a Failure !dentification (FID) was posted against Engine 2033 for exceeding the
1800 gpm intra-channel (A1-A2) Fuel Flowrate sensor channel qualification limit. The
engine was shut down at 1.50 seconds followed by Engines 2032 and 2030. All shut
down sequences were nominal and the mission was safely aborted. Figure 1 depicts the
Fuel Flowrate sensor channel disqualification and Figure 2 depicts the abort
profile/overlay for all three engines.

SSME Avionics hardware and software performed nominally during the incident. A review
of vehicle data table (VDT) data and controller software logic revealed no failure
indications other than the single FID 111-101, Fuel Flowrate Intra-Channel Test Channel
A disqualification, Figure 3. Software logic was executed according to requirements and
there was no anomalous controller software operation, Table 2.

Immediately following the abort, a Rocketdyne/NASA failure investigation team was
assembled, (Table 3). The team successfully isolated the failure cause to an open circuit
in a Fuel Flowrate Sensor. This type of failure has occurred eight previous times in
ground testing. The sensor had performed acceptably on three previous flights of the
engine and SSME flight history shows 684 combined fuel flowrate sensor channel flights
without failure.

The disqualification of an Engine 2 (SSME No. 2033) Fuel Flowrate sensor channel was
a result of an instrumentation failure and not engine performance. All other engine
operations were nominal. This disqualification resulted in an engine shutdown and safe
sequential shutdown of all three engines prior to ignition of the solid boosters.
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STS-51 ON-PAD ABORT
TEAM FINDINGS & RECOMMENDATIONS

Tables 1 and 2 summarize key recommendation in response to the investigation findings
as related to the sensor. Hotfire testing should be expedited on the current redesigned
(new potting material) sensor in parallel to initiating production fabrication for incorporation
into the fleet. Close attention to production implementation coupled with successful
hotfire test results could support fleet implementation next spring.

Table 3 summarizes key recommendations in response to the investigation findings as
related to the software. Table 4 addresses generic issues brought to light during the
investigation.
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Failure Tree Analysis/Failure Scenario
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FAILURE TREE ANALYSIS/FAILURE SCENARIO

FAULT TREE

The fault tree for the STS-51 fuel flow sensor intra-channel check limit violation is
shown in Figure 1. The tree is divided into the major branches which distinguish two
possible failure modes, 1) a flowmeter mechanical failure preventing required stimulus
of the flow sensor and no sensor output, Figure 2, or 2) an electrical failure preventing
proper sensor output to the controller or proper output processing by the controller and
attendant software, Figure 3.

A third major branch considered was a failure producing fuel flow levels (meter thru
flow) below the sensible range of the flow sensor. This was immediately eliminated as
a credible failure in-as-much-as all engine and hydrogen pump performance '
parameters were normal and three of the four flow sensory coil outputs were normal,
indicating normal meter thru flow rates.

The tree identifies all components that could have contributed to failure in these major
branches and then specific failure modes in each component. Components were
eliminated or confirmed as failure candidates by post abort testing, data review,
hardware removal with special test and disassembly and system data analysis.
Shaded boxes in Figure 1 depict failure modes and failure components not
contributing to the flow sensor limit violation. The unshaded boxes in Figure 1 depict
the most probable failure path(s) leading to the sensor output violation. The fuel flow
sensor coil A lead wire was identified as the failed component via special tests at the
supplier and subsequent sensor disassembly observed by the Rocketdyne and NASA
failure team personnel (see sections 4.0). The component failure is the probable
result of a generic design deficiency in the application thermal environment but may
have been influenced by workmanship factors resulting from a five year break in
production fabrication of this component.

The following discussion delineates the specific facts and factors Iéading to the
elimination of the shaded boxes in Figure 1.

Mechanical Failure

Mechanical failure would cause erroneous output due to slowing or stoppage of the
flow meter rotating parts. This could be caused by contamination, bearing failure, or
rotor blade failure.

RSS-8912
3-2
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(

Flow Rotor Failed To Tum or Blade Failure

The flow meter mechanical system was found to be operating correctly as indicated by
three of the four flow sensing coils, Figure 4.

Electrical Failure

Electrical failure divides into three possibilities: Controller, Sensor, or Harness, Figure
3.

No problems were observed during the trouble-shooting with any of the electrical
components post abort (PR2033-0142). The controller was used to perform numerous
sensor checkouts. These were done while moving the harness and connector. As
part of the trouble-shooting the connector at the sensor was removed and the
controller correctly identified the sensor was not installed. A different sensor was
installed and again the checkouts were normal, and no failure was indicated using a
good sensor. ) :

Controller

The controller branch includes software and hardware. Software is the executable
program which was loaded into the computer memory. All other controlier related
functions are considered to be hardware.

The controller and software were found to be operating correctly post abort with no
problems identified during any of the checkouts.

oftware

The software used in controller U/N F42 (ME-2) was the same as that used for ME-1
& 3 controllers for this flight. The software was verified at the Huntsville Software Lab
prior to delivery to Kennedy Space Center and is functionally identical to that used in
the other controllers. The data review post abort verified the response to the input
data was correct and there were no self checking parity errors indicating memory
upsets. '

Controller Hardware

This branch includes electronics and wiring. Electronics are the electronic
components not including the wiring. Wiring is considered to be the wires connecting

RSS-8912
3-3
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the electronic components within the controller.

The controller was used to do the initial trouble-shooting of the sensor and harness by
running sensor checkouts after the abort and operated normally (IPR2033-0142).
Although this gave some confidence that the controller was good, the controller was
removed and sent to Honeywell for further testing.

Controller Electronics & Wiring

The following tests were conducted at Honeywell to further eliminate controller U/N
F42 as a potential cause for the sensor output failure:

¢ Baseline Functional Testing
Continuity check of sensor input circuit
Puise Rate counter check-out

¢« Environmental testing while performing functional tests-
Cold start thermal cycle and two high voltage thermal cycles

Vibration testing in each of three axis: 10 minutes @ 3.5 Gs, 3
minutes @ 7 Gs, 10 additional minutes @ 3.5 Gs (Total of 69 minutes
of vibration testing)
* Acceptance Functional Testing
During all of the testing the controller performed to specification. All testing was
performed while monitoring the fuel flow circuits for overvoltage which could damage a
flow coil - no anomalies were detected.
The results for these tests are documented in Honeywell Customer Engineering Letter
Number 3-SSEC-2332 (see appendix).

Controller Induced (Failure Of The Sensor|

A circuit analysis was conducted to determine if the controller could produce a failure
in the sensor. The minimum current required to fuse the sensor coil wire is 500
mAMPS. The worst case direct short to the coil would be a maximum of 80 mAMPS
at minimum temperature. This is a short between the Logic Supply Voltage through
the Pulse Rate Converter ¢ the 1E3 card to the sensor coil.

The sensor checkout circuit was reviewed and since the sensor A2 coil is isolated
electrically from the checkout voltage it was eliminated as a possible cause, Figure 5.

RSS-8912
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Harness

The connector is considered to be the mechanical source which connects to the
adjoining components and the connection wire.

Connectors

The connectors were visually inspected and no evidence of mechanical damage was
noted (Figure 6). Once demated no evidence was noted of bent or broken pins.
During sensor checkout post abort the connectors were wiggle checked with no
problems (IPR2033-0142).

The connectors were disconnected and the standard post installation checkouts
(continuity and insulation resistance) were performed with no problems. This testing is
documented in KSC TPS 2033-050.

Harness Wire

The wire harness was visually inspected and no evidence of mechanical damage was
noted. The harness was wiggle checked during sensor checkout post abort with no
problems (IPR2033-0142).

The harness was disconnected and the standard post installation checkouts (continuity
and insulation resistance) were performed with no problems. This testing is
documented in KSC TPS 2033-050.

Sensor

Failure modes were divided into magnet and wire.

Sensor Magnet

The magnet was eliminated since the A1 coil which is coincident with the failed coil
was providing a normal signal. This is documented in the FUEL FLOW A1 & A2
FLTO51A1 data plot. Furthermore, subsequent sensor diagnostic and disassembly
revealed no magnet anomalies.

RSS-8912
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Sensor Wire

During testing at Rosemount the wire in the A2 side of the sensor was verified to
make contact at ambient conditions but would be open when chilled. This is
consistent with the failure (Figure 7). The final analysis identified that potting
compound cracks were the reason for the failure which can be considered a design
deficiency. Workmanship problems were also identified which could have contributed
to the early failure. This will be documented in Rocketdyne UCR/FAR A032605 and
Rosemount disassemble report D9330225.

Summary

All possible causes for the fuel flow sensor output disqualification failure have been
identified and addressed in the fault tree. The systematic failure investigation results
have concluded that an open circuit broken A-2 coil wire resulting in no A-2 coil output
at operating conditions was the direct cause of the identified failure.

Based on the evidence completed in the investigation and application of the fault tree
logic the most probable failure scenario is summarized in Figure 8.
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Section 4.0

Flow Sensor Failure Analysis
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TRANSDUCER FAILURE ANALYSIS
SUPPLIER "AS RECEIVED" INSPECTION

The transducer was hand carried to Rosemount, Inc. in Eagan, MN by Kelly Geroux
and Brian Luther of KSC. The failure analysis was directed by Ernesto Acosta
(Avionics) and Jeff Fink (ME&T) from Rocketdyne and Wesley Thompson (S&E
Instrumentation) and Rob Lamdon (Materials) from NASA MSFC. The hardware
evaluation began on 16 August 1993. No abnormalities were noted during the visual
inspection of the external surfaces of the part. The probe tip and electrical connector
exhibited no evidence of damage.

ELECTRICAL FUNCTIONAL CHECKS

The initial testing of the unit was restricted to non-environmental conditions so as to
minimize the chance of introducing a fault not originally present. The test parameters
match those used during the original production acceptance testing (except in the
case of x-ray which is not required). The tests included coil impedance (resistance
and inductance), output calibration, simulated output, insulation resistance, dielectric
withstanding voltage, and isolation resistance. The resulting data was compared wit
the corresponding original build values. The two coils exhibited similar characteristics.
All parameters repeated within normal limits and are tabulated below:

Coil #1 _Coil #2

_Test Units Current. Qrig, ATP M%) Current Qrig, ATP A%)
Resistance Ohms 1282.43 1268.73 +1.1 1285.41 1271.41 +1.1

Inductance Henries 0.169 0.169 0 0.168 0.168 0
Output @100Hz Volts AC 1.03 0.975 +56 1.05 1.00 +5.0
Output @200Hz Volts AC 2.10 2.08 +1.0 2.15 2.10 +24
Output @300Hz Volts AC 3.20 3.20 0 322 - 3.25 -1.0
Output @400Hz Volts AC 4.40 450 2.2 450 455 -1.1
Output @500Hz Volts AC 570 5.60 +1.8 5.80 5.70 +18
Simulated output Volts AC n/a ' n/a n/a 7.67(1) 3.72 n/a
IR Megohms 28K 30K 5.7 28K 30K 6.7

DWv Microamps <100 <100 0 <100 <100 0

Coll Isolation Megohms n/a n/a n/a >100 >100 0

(1) Operator error resulted in incorrect frequency (SkHz instead of 500 Hz)
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In addition, the part Fig. 1 was subjected to real time micro-focus x-ray examination as
a non-destructive technique for assessing evidence of internal anomalies. The
32AWG wires were clearly visible, however, the individual 45AWG coil wires were not
apparent. A “spiral like" feature observed on the x-ray image, but within the coil below
the potted lead wire area, could not be positively identified as a potting crack or
correlated to any coil feature.

ENVIRONMENTAL TESTING

The next phase of evaluation included those tests from the build and acceptance test
procedure with environmental extremes of temperature and vibration. The first
indication of a problem surfaced during the "Coil Isolation” test actually performed in
the preceding section. After chilling the unit and checking it electrically, the operator
swapped test leads and checked for continuity on both coils. Coil #2 was found open,
however, it was not known at what point the open actually occurred as the equipment
monitors only the coil to coil isolation. The fact that the open circuit was reproduced
using the thermal cycle fixture suggested that a temperature chamber might provide
greater control over rate, thereby permitting detection of the actual conditions at which
the open occurs. During the chamber thermal cycling the continuity of both coils was
continuously monitored. Coil #2 opened during the first cycle in LN2 at approximately
25°C (coil resistance measured 1225Q to 1227Q).

Stray capacitance measurements were performed on the various connector leads in
an attempt to ascertain the location of the probable wire break. The resulting data is
tabulated below and the low relative capacitance (0.1nF) points to a open in the
vicinity of the pin #3 lead:

Capacitance Values(nF)
Pin Connections Room Temperature 14°C (Coil #2 Open)

1-3 22.3 0.1
2-3 26.2 0.1
2-4 22.4 22.4
1-4 26.2 26.2

Confirmation of a fault permitted the deletion of the remainder of the tests, including
vibration and extended thermal testing.

HARDWARE DISASSEMBLY

The disassembly of the unit was initiated on the evening of 16 August 1993. First, the
probe end cap was machined off. No obvious defects were evident. Next, the sheath

RSS-8912
4-3

RSS8012
12790 33



over the coil area was machined partially through its thickness. Finally, the remaining
stainless sheath membrane was carefully peeled away revealing the potted coil pickup
assembly. A single axial crack was observed in the potting and continuity checks from
the electrical connector confirmed that the crack was over the Pin # 3 lead. The
appearance of the coil is illustrated in Fig. 2.

The part was resubmitted for micro-focus x-ray examination, however, removal of the
outer 321 stainless steel sheath did not significantly improve the viewing of the coil
details. Further visual examination disclosed that the surface crack intersected a void
in the potting, where the lead wire teflon insulation erupted through the surface Fig. 3.
The surface of the potting was examined with a Scanning Electron Microscope (SEM)
prior to being chemically stripping away. The crack appeared widest near the void in
the potting and its irregular path followed surface void or non-uniformities.

In addition, it should be noted that the potting appeared to have stratified, in that the
microballoon filler was concentrated on the side of the coil away from where the crack
was located. Electrical checks confirmed that machining away the sheath caused the
intermittent open to become a "hard" open. o

Evaluation of the source of the open condition required that the Hysol PC12-007
potting material be removed in a manner so as to minimize manipulation of the coils
and lead wires. Mechanical methods were discounted. A solution of Eccostrip and
water was utilized to soften and dissolve the epoxy. Examination of the part after ~2
hours in the solution revealed a suspected break in the coil wire. The part was
“allowed to remain in the solution overnight. Visual examination resumed on 18
August. Continuity checks through the remainder of the coil verified that the coil itself
was intact. Microscopic examination disclosed that the break was located ~375° from
braze joint to 32 AWG lead wire (15° into second strain relief turn).
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Section 5.0

Materials Analysis
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MATERIALS ANALYSIS

SUMMARY

A systematic examination and tear-down of the RES7005-061, S/N 2582 flow sensor
was conducted at Rosemount's a facilities in Eagen and Burnsville, Minnesota.
Material analysis of the sensor consisted of a preliminary Real-Time X-Ray
examination followed by removal of the sensor's end cap and sheath. Detailed visual,
Real-Time X-Ray and Scanning Electron Microscope (SEM) examination uncovered
an axial crack in the epoxy coil potting. The epoxy was then chemically stripped to
reveal a fracture of a coil wire near its braze joint to the pin 3 lead wire. The fracture
occurred where the wire spanned the potting crack very near an area of exposed lead
wire insulation. Subsequent SEM examinations of both halves of the broken wire
suggested the fracture was caused by tensile overload. Two previous cases of failed
flow sensors were reexamined and determined to have been caused by tensile
overload of coil wires that spanned potting cracks.

RESULTS
Partial Examination

A preliminary Real-Time X-Ray examination of the sensor was conducted prior to
disassembly. Views of the coil area through the 321 stainless steel sheath clearly
showed the four 32 gage, 0.00942" stranded copper lead wires. However, the 45
gage, 0.00176" solid copper coil wires were not discernible near their braze joints,
presumably due to their small size and attenuation of x-rays through the sheath. In
addition, no unusual conditions were noted in the connections or wires in the
connector end of the sensor.

Partial Disassembly

The sensor end cap and sheath were removed by machining to expose the Hysol
PC12-007M, glass microballoon filled, epoxy coil potting. An axial crack was evident
in the epoxy (Figure 1 & 2) that was primarily collinear with the pin 3 lead wire. The
crack was inspected with a binocular microscope and found to extend virtually the
entire length of the potting, radiating in both directions from an area of exposed
insulation of the lead wire. The crack bottom was not visible. The exposed area of
violet-colored Teflon insulation was estimated from photographs to have maximum
dimensions of 0.033" by 0.015".

The coil area was reexamined through the epoxy by X-Ray methods. Each coil and
lead wire was visible at its braze joint, but no wire fractures or other anomalous
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conditions were evident.

The epoxy crack was examined in the SEM and estimated to have a maximum width
of 0.002". Although primarily axial, the crack diverted slightly in direction to connect
surface imperfections in the epoxy. Neither the braze joint lead wire nor coil wire were
visible while viewing down into the interior of the crack. Figure 3 supports the
conclusion that the epoxy crack initiated around the perimeter of the island of exposed
wire insulation.

Epoxy Removal

The epoxy potting was soaked overnight in dichloromethane to allow it to soften and
slough away. The softened potting was then gently removed and a coil wire fracture
was found approximately one and one half stress relief turns from the pin 3 lead wire
braze joint (figure 4). A binocular microscope examination of the braze area showed
no evidence of joint overheating. The wire fracture was situated directly below where
the potting crack had been, in the vicinity of the exposed wire insulation. One end of
the fractured wire was still attached to the braze joint, while its mating end was
suspended nearby, above the coil windings. The epoxy crack depth appeared to be
limited to the microballoon filled potting only and did not penetrate into the general
mass of windings. The epoxy was strongly adhered to both halves of the fractured
polyamide-insulated wire, making its complete removal difficult. Electrical tests
verified this fracture as the only one present in the sensor.

SEM Examination of Fracture

A detailed SEM examination of the fracture surfaces was attempted, but was made
difficult by epoxy residues that deposited on the fracture surfaces during stripping.

The fracture surfaces showed a semblance of dimpling which in figure 5 might suggest
a tensile overload failure mechanism. Repeated attempts to remove the residue for a
clearer examination of the fracture surfaces were unsuccessful.

Previous Flow Sensor Failures

Two previous flow sensor failures were reexamined at Rocketdyne to determine the
failure mode. One (S/N 1969) had a coil wire fracture near the lead to which it was
brazed: most failures of the sensor have been reported as similar. Another (S/N
2186) had a fractured coi wire in the general mass of windings, remote from the lead
connections. In both cases the fracture was verified by SEM examination as tensile
overload and occurred where the wire spanned a crack in the potting.
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Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.

FIGURE CAPTIONS

Axial potting surface crack.

Axial potting crack found after sheath removal.

SEM image of exposed pin 3 lead wire insulation and epoxy crack.
Fractured coil wire and pin 3 lead wire after epoxy removal.

SEM image of coil wire fracture.
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STRUCTURAL AND THERMAL ANALYSIS

STRUCTURAL ANALYSIS

Based on the results of the evaluation conducted, the functional failure of the sensor is
attributed to the structural failure of the outer sensor potting HYSOL epoxy layer. A
thermal stress induced crack in the outer layer of epoxy resulted in severing of the
wire embedded in that layer and connecting the sensor coil bundle to the lead wire.
The severing of the wire resulted in loss of electrical continuity causing a functional
failure of the sensor, Figure 1.

DESCRIPTION

Metallurgical evaluation of the failed sensor unit, subsequent to the aborted flight of
STS-51, revealed a crack in the HYSOL epoxy potting surrounding the composite
copper/epoxy coil. The epoxy potting contains the 7 strand, 32 AWG lead wire and
the 45 AWG wire connecting the lead wire to the coil bundle. The investigation also
showed that the 45 AWG wire connecting the coil bundle to the lead wire was severed
at the crack plane in the 0.040" thick external layer of epoxy potting.

Based on a comparison of the relative ductilities of the copper wire (approximately 20-
30%) and the surrounding HYSOL epoxy (1-3%) it can be concluded, without
consideration of any other properties of the two materials, that the only way a copper
wire embedded in the epoxy could fail is if the epoxy cracked. Additional conditions
for the wire to fail are that the epoxy crack plane crosses the wire and that the wire
does not debond from the epoxy as the epoxy cracks. Therefore the analytical effort
carried out to determine the cause of failure concentrated on:

1)determining if the stresses in the epoxy are sufficient to cause the epoxy to crack,
2)determining the width of the crack in the outer epoxy layer and whether the width is
sufficient to stretch the wire beyond its ductility limit and

3)determining whether the shear bond strength of the epoxy is sufficient to prevent the
wire from debonding.

Because of the large differences in the thermal expansion between the wire and the
epoxy, thermal stresses were suspected to be the most probable cause of the epoxy
crack and the investigation was directed toward quantifying these stresses and
determining whether the above three conditions for failure could be satisfied by
consideration of thermal stresses alone. Three finite element models were developed
to obtain quantitative results neede” The three models, as they relate to the
composite construction of the sensor, are schematically illustrated in Figure 2.

The first model (Figure 3) is a three layered, pisegment, shell of revolution, of the pole
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piece, the coil and the epoxy potting. The model is based on the assumption of
generalized plane strain in the axial direction, requiring only a single layer of elements
in the axial direction. It was used to determine the nominal thermal stresses in the
epoxy potting at the minimum temperature the sensor is expected to see in service.
Only the stresses due to the differences in thermal expansion coefficients were
computed. The temperature gradients during the initial chilldown of the sensor were
found to be small and were neglected.

The second analytical model developed was a circumferential segment model of the
epoxy layer. This model is illustrated in Figure 4 of the Attachment. This model is

designed to quantify the amount of "gaping” that would result from stress relief that

would occur in the event the potting developed an axial crack.

The third and final model Figure 5 simulates a single strand of 45 AWG copper wire
imbedded in a semi-infinite field of epoxy. The purpose of this model is to quantify the
shear stress in the bond between the wire and the epoxy as a fraction of the tensile
stress of a 45 AWG copper wire imbedded in the epoxy and determine whether the
bond between the wire and the epoxy would fail before the tensile strength of the wire
was exceeded.

Results and Discussion

The nominal stresses in the outer epoxy layer were determined using both worst case
and best estimate material properties of the copper bundle and the outer composite
layer Figure 6. The calculated nominal stresses in the HYSOL epoxy, based on a
service temperature of -330 degree F, range between 4600 and 10600 psi (see
following thermal analysis) . These stresses are equivalent to a tensile mechanical
strain between 0.5 and 1.0% and are sufficient to initiate a crack in the epoxy,
especially at the outer ligament of the teflon wound lead wire where there is an
additional stress/strain concentration. Both ductility data and thermal expansion
coefficient data for HYSOL are relatively "soft". However, best estimates of these
properties strongly support that the actual strain to ductility ratio is sufficient to cause
failure of the epoxy. There is substantial loss of epoxy ductility at cryogenic
temperatures and the predicted tensile strains, including the stress concentration
caused by the lead wire are in the 1% to 2% range. The most probable failure
scenario may be described as follows:

1. the crack initiates in the outer ligament of the lead wire and proceeds more
or less parallel to the lead wire,

2. if the 45 AWG wire connecting the core to the lead wire crosses the “7ack
plane and the wire does not debond from the epoxy, the wire fails, a
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3 if the 45 AWG wire connecting the core to the lead wire does not cross the
crack plane or in the event the wire debonds from the epoxy, the wire will
survive.

When the epoxy cracks, the wire has a probability of surviving or failing and failure
depends on the randomness of the progression of the crack and the details of the
core wire / lead wire attachment.

The results of the analysis carried out using the second of the three models shows
that, in the event an axial crack develops in the HYSOL outer layer, the crack width at
the outside diameter will approach 0.0002". Without wire debond, this crack is
certainly sufficient to cause the wire to sever, as this stretch must be absorbed over
an infinitesimal length of wire and produces almost infinite local strain.

The results of analysis of the last model show that the wire/epoxy bond shear stresses
are approximately 6% of the tensile stresses in the wire. Assuming a 30,000 psi
tensile strength in the wire, the maximum shear stresses in the bond will be
approximately 1800 psi. Based on the best available data for strength of the HYSOL
epoxy, the wire will fail before it debonds. Metallurgical evaluation of the severed wire
confirms this conclusion.

Clearly, there is extremely strong evidence that the epoxy will crack, that the wire will
not debond and that, in the event the crack plane crosses the wire, the wire will fail.

THERMAL ANALYSIS SUMMARY

it was determined with simplified calculations that the sensor reached virtually steady
state temperature within half an hour of the propellant drop, and that there is no
significant difference between a 2 hour ground test chilldown and a 9 hour prolonged
flight chilldown in terms of the degree of the cooling of the flow sensor. It was also
determined that the slow chilldown transient did not generate any significant thermal
gradient between the sensor housing and the sensor coil. Both resuits were later
verified with a more detailed 2D model of the sensor, the instrumentation port, and a
portion of the duct. This 2D model was also used to quantify additional chilling of the
sensor due to engine mainstage operation.

Sensor Chilldown Simplified Calculations

The nomenclature used in the discussion is shown on the cross-sectional diagram of
the sensor and the duct port in Figure 7.

A series of single node lumped capacitance calculations were carried out. It was
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recognized that the heat transfer is driven primarily by the boiling hydrogen in the
duct, and that there is comparatively little effect from the ambient environment since
both the sensor and the sensor port are insulated with rigid polyurethane foam.
Therefore, the simplest and quickest approach was to calculate the port chilling due to
the boiling hydrogen first, and then use the result from it to calculate the sensor flange
and housing chilling, and the result from this second step to drive the sensor coil
chilling.

The cooldown of the sensor port metal mass was calculated by using an average
boiling hydrogen film coefficient of 20 Btus/hr-ft’-°R from Seader et. al and a
constant fluid temperature of 40°R. An' equivalent conductance of 0.32 Btu/hr-ft>-°R
was used for the polyurethane insulation in series with the free convection heating
from the ambient or engine compartment environment, assumed to be at a steady
temperature of 460°R. The lumped capacitance approach is justified by a Biot number
of 0.15 based on the boiling heat transfer film coefficient and a volume to surface area
ratio of 0.6 inch.

Starting from an initial temperature of 530°R, the port approaches a chilled steady-
state temperature of 59°R, with a temperature of 60.8°R achieved after only half an
hour of chill. A temperature versus time plot for the port is shown in Figure 77,
together with the sensor coil and housing which is discussed below.

The cooling of the sensor flange and housing was done in the second step, using the
calculated duct port transient temperature as the driver. The conductance across the
air gaps around the sensor tip was compared with the conduction through the
thickness of the sensor housing, and it was found that the latter was an order of
magnitude greater than the former. Most significant was the effective contact
conductance assumed between the port and sensor flanges, (Figure 7), which was
studied parametrically. Later, it became evident that a contact conductance value of
1500 Btus/hr-ft2-°R is believed to be more reasonable, it can be concluded from Figure
8 that the flow sensor takes only slightly over half an hour of chill to reach steady
state.

The calculated sensor housing temperature was then used to drive the sensor coil.

As anticipated, the analysis showed that the temperature difference developed
between the housing and the coil is not significant due to the slow transient (Figures 8
and 9). This suggests that the 4T that is pertinent to the cracking of the molded
potting between the housing and coil is the overall siow change of the temperature
with time, and not the small gradients that develop between the sensor components
during the chilldown.
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2d Themmal Model

One assumption that was necessary in the simplified calculation described above was
to ignore the conduction from the sensor flange in the first step of calculating the duct
port chilldown. In the 2D model, the thermal contact between the sensor flange and
the port flange was properly accounted for, and its effect on the steady state
temperatures of the sensor tip and duct port was determined. In addition, a more
detailed temperature distribution was generated for the entire sensor. The 2D mesh is
shown in Figure 9 with descriptions of the boundary conditions. Since the flanges of
the sensor and the duct port are not fully solid in the circumferential direction, solidities
of 0.22 and 0.59 were applied to the elements of these respective components.

The baseline steady state result after a 2-hour chilldown is shown in the contour plot
in Figure 11. As mentioned earlier, a constant contact conductance of 1500 Btus/hr-
ft>-°R was used for the baseline case. There is a large temperature gradient that
occurs across the polyurethane insulation as expected, and a small axial gradient from
the connector end of the sensor to the tip where the coil is located. The large aT
across the insulation is consistent with almost no radial gradient across the sensor tip
(coil, potting, and housing), and the duct port.

Plots of nodal temperatures versus time for the baseline case are shown in Figure 12
for nodes located radially across the sensor tip and the duct port. The effect of having
the thermal contact between the sensor flange and the duct port throughout the
chilldown in the 2D model is obvious from this figure. With the heat transfer from the
sensor to the port properly accounted for in the 2D model, the duct port is predicted to
reach a higher steady state temperature of 85°R, compared to 59°R from the
simplified calculation, and the sensor steady state temperature is predicted to be lower
at 106°R, compared to the worst case 140°R predicted from the simplified calculation.

Sensor Chilling During Mainstage Operation

The 2D model baseline case chilildown analysis was continued for 600 seconds of
104% RPL engine mainstage operation. The forced convection boundary condition in
the duct was changed from the boiling hydrogen film coefficient of 20 Btus/hr-ft?-°R
during chilldown, to 4800 Btus/hr-ft>-°R during mainstage. In addition, a heat
generation rate of 0.073 Btu/hr was added at the coils, to represent the ohmic heat
loss generated by the flow sensor signal at mainstage.

The heat generation rate of 0.073 Btu/hr is too small to have any significance, and the
sensor coil chills further during mainstage. As shown in Figure 13, the port cools
down further from 85°R to 56°R, and the sensor also cools down further by 26°R, from
106°R to 80<R during mainstage. Overall, this means a sensor tip cooling of 530<R-
80°R= 450°R, from the start of chilldown to engine cutoff. This overall aT based on

RSS-8912
6-6

RS5S8012
1217183

50



estimate of 530°R-140°R= 390°R from the simplified calculation. However, since the
structural analysis ongoing at the time indicated that a aT= 300°R was sufficient to
cause cracking of the molded potting", the thermal refinements achieved with the 2D
model does not change the conclusion in relation to the cause of the sensor failure.

RSS-8912
6-7

RSS8012
121783

51



-—

REFERENCES

J. D. Seader et. al., "Boiling Heat Transfer for Cryogenics”, NASA contractor
report CR-243, June 1965. -

R. Principe, "STS-51 HPFP Inlet Fuel Flow Sensor Anomaly Chilldown
Temperature Equilibration Analysis", briefing changes BC-93-129-012, 8-16-93.

General Electric Company Heat Transfer Data Book, Section 502.5, p. 5,
November 1970.

Verbal communications with W. Veljovich, D/545-128, on the structural analysis of
the flow sensor failure. '

RSS-8912
6-8

RSS8912
12783

52



} ANOId

ANO8 dOO0O MOHS FUVMAUVH ANV SISATVYNY H104d .

SH3IA3S 1l '(AXOd3 ANV
JHIM NIIMLIE HLONIYLS ¥VYIHS HOIH) ANOS3A LON S30a FHIM 3IHL i °

NOILVYHVd3S TVIHY3LVIN ONILLOd LN3ATdd Ol HLONIHLS
LN3IDI144NS 3AVH LON S3040 JHIM 'JHIM 1100 IHL SLO3ISHILNI ¥OVYHD IHL 4

FHIM FHL ONOTVY ATTVIITOAD S3SSIUO0Ud ¥O SANILXI AOVHD

INFNVOIT AYv081LNO FHL NI 3HNTIV4 ONISNVYI SSIHLS SISVIHONI
TIVIH3ILVIN ONILLOd 3HL NI 34IM dv31 d3LVINSNI 3HL 1V NOILVYLN3IONOD SS341S

ONILLOd 3HL NI S3SS3YLS INSNIL HOIH S30NA0Ud ¥IAVYT ONILLOd ¥31LNO 3FHL ANV
3LISOdNOD ONIANIM 3HL N33M138 HOLVINSIN LN3I0I44300 NOISNVdX3 TVINYSHL

WSINVHOIW JdN11vV4

53



¢ d¥n9Id

>
-/ L D ) =
\ ﬂJ 9NIL10d
JAIM \ / |
IMY Sb 9NIN3IdO
AV 30v4ANS
NIV a2
- . _ SIAIM
e IMV z¢
\ T "UVf
b
9NILLOd
3231d 10SAH SONIGNIM
¥3dd03
310d S342
34403 9NI1110d 10SAH
¥3dd02

ST3d0W FaNTIVY4 d40SNIS M0Td4 13nd

a ) )

54



¢ HNODIA

SSRGS

T e ST T T

860 = I0d¢
8S'0 = AMd
850~ = 104

< =Ivnl

1-3Z1°0 =1l
0+300°0 =N]W1l
0+352°0  =IVUA
Z-300°T =NIHA
I-309°0 =ItM)
0+t300°0 =NIKI

16/61/80

DaARHANLE TRHMMIHL N GHIOHNIM MOSNAS MO T30 JES

2

55



56

y ANDIA

OF POOR QUALITY

ONGINAL PAGE IS

| 88°0 = 100

8G'0 = AGQ

850~ = 100
Z  =Ivnl

0+31Z2°'0 =YWMi
0+300°0 =NIWI
D+3rZ "0 =XPUHA
1-366'0 =NIWA
1-30£°0  =ItMI
0+300°0 =NIWIX

$6/61/80




57

S UN9Id
Tm. HMJ::O X . —
ChbhEMIE .
PR o Bl B N
n z
£43/0°1- >, ) =
. . oNILfod
Z+388° 6~ . X
. . n“ < IIvians A
8C'0n = ddQ N.Twmo & Bz AIvHd
8570 = A C+IA9L "8~ +
8C°0- = Y00 n
¢ FIWAL Y zag0ces- )
] Y
1y "9 RN
LA v 5 RN DYIM
1 21/3000 || Z+380°C- S
B R
SS3ULS JLIVIS ~+mwh L p ﬁ/fﬁ
N+w-wmuhl // 1‘
e Y ” ™~
L=HY'0 =L || g0 A Ul uaiog
0+300°0  =NIMI | I N
Z-308°0  =XWMA || z+35f-z- I )
£-30G'0  =NIWA ] l L
1-300°0 =XWMX || Z43Z1- ’ ™~
0+300°0  =NIMI 3] I~
S5 T2l =
$6/02/80 || WAL

T3CAOW LOO-TINd I™IM MOSMNIS MOS0 SeS




9 WNODIA

99 "0€ "0} 6¢ SS 0¢EY

Gl 9 | 0T "6 (‘dNO9) 110D
b > "0¢ 0’k 1IN3IWID TOSAH
'0€ ]! '6 ET JHIM H3ddOD
ni4 .E 319 . 3

SISATVNV NI @3asn
S3ILHIdOHd TVIHILYIN

D ) )

5¢&



. oro—
o

NMUU | 1iRy gua
ZH1 SNITI08

1

010
Qg.*mw.w.

(NOLLVINSNT 3INyH13¥NAT0d

/

UOISIAIG suiprendoy

jeuopBUISIU| *
{lemyo0Yy ' ‘
(NOILVINSN I
INVHLIYNATOd HLIM)

INA INIVHISIA dWnd
13Nd 3ANSS3¥d MO

HLIM) L¥0d 12nd \,\ ON1110d @3TIOW
7109 N
SIONVIA L¥ud ANV HOSNIS AL
(NOILYINSNI 3INVHLIYNATOD HLIM) &3
ONISNOH HOSNIAS LSS TZ¢
JAISIHAY AXOd3
13N9YW G OJINTV
L \J
v
Wv04
AX0d3
NOILJ3S SSOYD 1¥0d 1IN0 ANV ¥OSN3S
ATVWONY YOSNIS MO14 713nd ¢ INIONI NIVW VTS-SIS
. ¢ {914
) ) . )

59




STX'UOSNIS

Y,-

4

YD 10 SnoH
} 80 90 Vo c0 0
v “ ¥ “ L] “ T " L] O
A ™~ ~ -T 8F
uod Josues 10nQ ™~ ]
N\ ]
// -l
\ -+ 002
Bursnoy Josues \ A °
\ il 3
; o
Vo looes
\ < c
L s
L
\ 1 ooy
I. -
\
9 o005
§oD Josues A
009

L4-YH/NLl8 00S=H L1IVLINOD ‘GOHL3IW (A21NnD) 3IINVLIIVAYI G3dWNT

SNISNOH ANV 10D JOSN3IS 304 RINLVAIIdWNIL NMOATIIHO A31VINILS]
JOSN3IS MO14 13Nd 1F1INI d4dH

g J4N9I4

60



STX HOSN3IS

YD JO SInoH

&

H, ‘esnjesedwe]

g

¥o-,L4-¥H/NLE 00SI=H LIVINOD ‘GOHLIW (NIIND) 3IINVLIIVAVI QIdHNT
DNISNOH ANV 7100 HOSN3S HO4 3HNLVHIdWI1L NMOATTIHO G31VRILS3
HOSN3S MOTd T3aNd 137Nl dddH
6 N9

61



Yogz34 4U/MI8 0T = Y "3AV ‘Yol = 1

vwr, NMOGTT1HD SN1YNG
, h ‘41 9NITI08
1904
1404 YOSN3S 19nd
[ | | . $dV9
~H \v\‘ _~— 1102 YOSN3s
|| ‘\ '
ny is
L\
a 3704
NOTLYINSNI 3INVHLIYNAT0d N HH
A -
// -
3INVLINANOD
1IVINOD
— A ,///nnu J9NY14
L\ ]
(NO1L123ANOD 33¥4) ,WWJ
¥oy33 MM nyg T = Y _
¥.09% = 1 4N\ I9NVTS
b9G €= JdA 009 = 9N | SNOH
IGT 1= JdX NI 1 8WY YOSN3S
868" T=ILSId
I= AZ i
WAN HFdAL
SINAWATE Ldd3¥d T3A0W TVYWYIHL 4-7
1 wmz woqm | YosSNIS MOV4 13INI 13nd d4dH
1L2:21 _
€661 8T 9NY or J4N9IL

V't SASNY

62




5L t 578 0 571 B! 5 G 5
”Iﬂl.q T ¥ _ T T _ 1 1T _ LIS B _ LI B M | _ TV T T _ T ¥ _ v T 1 ] U
i ¥, 5L .

I ¥ 061 ]

- o / .

— \ P o/' — 5
[ 4 052 R ]

- (e} E

= _ m .
_ Citalbliid Jdo
! XEEERH ]

- A

i i AR D ]

I R TR (a0 IX ]

- DN Vi I A € Js
: B, RETASSEERCE -
i TR S ]

- WRUR. CeWANRay

- SR, VNENAE ]

_ BENERUL,. Era g

VTR TR
T

4,057 / “
L‘-:rvrrir1_rr:—lrlrL.lLy.—|_rr_!_Ib]rrh___..»_.____._.-.
LS 0=105 Ld0d ‘Z2°0=105 JINYI4 4DSNIS "BeSI=H LIVIND)

NAOOTIIHD J0SNIS #0714 T1Ind LIWNI d4dH S5

LT E

(W3

63



(SONDDIS H INIL
9000 009/  CU9e9 000 @eeh  Ce0eE eear  "80e] 0

Il et B L e Ml J AR LA T Y LA v v ¥ v T LA S B 4 sl
1904[1900 sEO¥IY SFAON — ]
T 107001
. i
dIlL YOSN3S| SSOYIV $3AON —
4404 LONd FSONOY ‘¢ @%
83000 4N g1 IAVDOT
/ awuhw<l""n-““ -
: : WA.%M X . 20 ....o-...\s..ﬂ i N
FH: T T I: 1|00
i 311000k
- _
. 1 8005
1101 |
v . _Z.I.l.r PO U N T TR OO A U0 S o 1 1.4 11 [T W O & [N B | [ U S S | W U @og

65'0=10S LHOd ‘22'0=10S FDNV14 HOSNIS ‘00S1=H LOVLNOD
NMOGTTIHO HOSNIS MO1d 13Nd 137NI d4dH WSS

z1 34NOId

64

¥, ' STANLVEEMGL 300N



(SONQJ3S) 3HIL
009 "00S ‘oob ‘00€ ‘002 001t 0
T T T T T LA B SR £ oﬂm

T T ¥ A\l e L4 T T

‘09

_»zom @u:h SS0UIV

 JQ0N

4804 LONG FSOMOY ' ° h
FSUON 40 SNOILYDO)

\ bt |

SIS %JJ 40 mroviyam dll ¥OSN3IS|SSOYIV SHOON

gwtﬁ NV
i

‘08

"06

*001

AR S DRI W puny e A (1 A A, A 1 I

HH/NL18 £20°0 = NOLLYHAN3D LV3H JINHO 10D
6S°0=10S 1HOd ‘22°0=10S FONV14 HOSNIS ‘0051=H LOVLINOD
(SGNOD3S 009) IDV.LSNIVIN - HOSNIS MOT4 13Nd 137INI dddH JNSS

¢t 3HNOI

65

‘s33N1v¥3dW3L 300N

9



Section 7.0

Sensor Failure Correlation
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SENSOR FAILURE CORRELATION

FUEL FLOW SENSOR FAILURE CORRELATION

Open circuit failure history for the flight configuration fuel flow sensor, part number
RES7005-051/061, is shown in Figure 1. Twelve sensors have failed out of a
population of 313 that were shipped by the manufacturer, Rosemount, Inc. These
parts were manufactured over a time span of 1978 to 1990 (Figure 2). The flow
sensors have failed on both flight and development engines and only the most recent
failure, serial number 2582, caused a launch abort.

Engine hot-fire experience on the failed parts (Figure 3) varies from infant mortality
failures due to electrical shorts in the pickup coils to a wide range of time (159 to
25,847 seconds) on sensors that failed due to open circuit. Of the twelve failures,
nine were the result of open circuits in the pickup coil and three were due to short
circuits in the coil. All but one of the open circuit failures occurred because of a break
in the 45 AWG magnet wire. Serial number 2004 failed open circuit due to a fatigue
failure in a 32 AWG, stranded leakwire. Of the sensors that received fractography on
the broken wires, three magnet wire breaks were attributed to ductile fractures and the
one leadwire was a fatigue failure isolated to a workmanship problem.

Beginning with the failure investigation of serial number 2010 in December 1987, the
pickup assemblies of failed flow and speed sensors were examined more closely for
proper strain relief in the coil wire to leadwire braze joint and for shaved insulation
where the leadwire extends into the potted pickup coil. Also, flow sensors built prior to
1980 as RES7005-051 parts received a series of rapid thermal shocks (from room
temperature to liquid nitrogen temperature) during the final assembly process. As a
result of the failure investigation on serial number 1474, sensors built after 1979 were
given gradual thermal cycles.

FAILURE CORRELATION ANALYSIS

The purpose of the Variable Correlation Analysis, performed as part of the Sensor
Failure History and Total Variable Summary, was to examine all the available lot
traceability data for indicators of sensor susceptibility to failure, and/or predictive
trends among the longest-surviving parts. In particular, the correlations identified
would be used to estimate the "level of confidence" for each of the existing hot-fire
assets (sensors which have been on an SSME during hot-fire testing).
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METHOD

First, a database was created from all the manufacturing and documentation

information available from Rosemount for all the fuel flow sensors of the present

design, which is represented in two dash numbers that differ only in the nature of the
thermal cycling tests performed for workmanship screening.

A graphical display of this data was achieved by making scatter plots of each
information field (y-axis) against sensor number (x-axis). Since Rosemount's lot data
were alpha-numeric, conversion to purely numeric data was required for analysis
purposes. The resulting "Lot Codes" (numbers) were displayed in new columns
beside the original lot designations. From the scatter plots, several observations were
made: 1. no one information field correlated strongly with even half of the failures
(i.e., the lots out of which the failed sensor came usually contained high-performing
sensors as well), 2. correlations were non-random (i.e., failures were not evenly
distributed among all lot numbers of all lot types), 3. the actual causes of the failures
(if deterministic at all) were likely to be indirectly related to several of the information
fields, 4. the causal factors are subtle enough that they could not be discerned by
viewing the scatter plots alone, 5. some information fields correlated more strongly
with failures than others. From this understanding of design and fabrication, the
twelve most important variables were chosen and ranked according to importance.

A more rigorous analysis was then undertaken, in which lot statistics for each lot type
(e.g. pickup assembly braze lot, final assembly inspection date, hysol lot) were
computed for each constituent lot number. A "high confidence lot" was postulated to
contain: 1. minimal failures (lot has good ratio of #non-failed units to #total units), 2.
maximal "experience” (units proven through much hot-fire time and many engine
starts/thermal cycles), and 3. large population (the more units in the lot, the greater
the confidence). Averages of the above quantities were computed for each lot in an
attempt to quantify the correlation between individual sensor lots (traceability
information including lot numbers and/or milestone dates) and the characteristic
success rate of each lot type (see appendix for detailed printouts of these statistics).
A quantitative scoring method was devised (using a multiplicative combination of the
above factors) to rate each lot number of each lot type on a discrete scale of +2, +1,
0, -1, -2.

From this lot rating information, the scores for each of the most important lots which
comprise a sensor's build history were displayed on a scoring matrix structured in an
analogous way to the original database. A total score was then computed for each
sensor from the "hot-fired" population. [n particular, each sensor's total "risk
assessment score" is a weighted sum of its constituent lot scores, with the weights for
the lot types corresponding to their relative importances:

Sn = X WiSi
Sn = total score for sensor #n

RSS-8912
7-3

RSS891
2ne 68



Wi = weighing factor for variable "I" (e.g. P/A Braze Date)
si = score for lot of type "I" of which sensor “n" is a part (e.g. Lot T5)

This scoring method was then tested using a sensitivity analysis in which the weighing
factors were perturbed and observations made of the resulting split between the
averages for the failed sensor group and the highest experience group (each
containing a population of about a dozen). Also, the "failed set" was varied, with one
run including all 12 failed units in the analysis, another including only the 9 "coil open
circuit" failures in the analysis, and a third ( the best one) incorporating all but the one
failure which (based upon historical details) was considered to be causally unrelated to
the others. The summary statistics for this sensitivity analysis were displayed in
scatter plots of the averages ( and their associated standard deviations) vs. sensitivity
"case" number

RESULTS

The optimized model (using the chosen "failure set" and selected weighing factors)
was used to compute final "risk assessment" scores, which are presented in graphical
form (Figure 4). '

Three categories were noted and defined for use in DAR's intended to make use of
the parts (181 hot-fire assets total) most likely to perform well:

1. "B1" Parts -- High (Scores greater than zero).

Defined two "failed group" standard deviations above "failed group” average
score, or alternately, one "failed group” standard deviation above B2 group
average score; Group includes 108 functional parts.

Recommended use: flight.

2. "B2" Parts -- Medium (Scores > -21 and < zero).

Defined one "failed group" standard deviation above B3 group average score
and one below B1, or alternately, above roughly one "non-failed group” st.
deviation of "non-failed" group average score; Group includes 35 functional
parts.

Recommended use: development test monitoring.

"B3" Parts -- Low (Scores < -21).
Defined as within one standard deviation of "failed group" average score
(which excludes S/N 1296); Group incles 26 functional parts.
Recommend use: non-flight d&”3 channels.
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SCREENING RECOMMENDATIONS

For Flight Purposes

1. Risk Assessment Score > zero.
2. Hot-Fire Starts between 5 and 100.
3. Hot-Fire Time between 1,000 and 25,000 sec.

For Development Purposes

1. Risk Assessment Score > -21.

MODEL SENSITIVITY ANALYSIS AND OPTIMIZATION

Statistical Method Tested Through Variations

A "blind run" which incorporated all 12 failed units in the analysis successfully flagged
the two units known by analysis history to be relatively unrelated to the other failures.

Two other runs compared a statistical model incorporating only the 9 "coil open circuit"
failures, with a model (the best one) which included all except the one failure (based’
upon historical details) considered to be the most causally unrelated to the others.

Among the models, the split between the averages of the failed set and the high-use
set was considered to be statistically significant in relation to the scatter in the data,
which indicated that the statistical approach could yield useful information about the
risk associated with each sensor.

tatistical Method Tested and imized Through Sensi Analysis

Weighing factors for the variables were optimized from an initial baseline (derived from
Rocketdyne sensor engineering experience in conjunction with Rosemount design and
manufacturing experience) by testing over 250 different variations and running scores

each case.

Observations were made of the resulting statistics (averages, extreme, and standard
deviations) for various categories (failed sensors, moderate use sensors, and highest
experience sensors), and optimized weighing factors selected.
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SOFTWARE CHANGE

SOFTWARE CHANGE SUMMARY

The SSME incorporates two separate flow sensors on each engine. Each flow sensor
includes two pickup coils. All four pickup coils are used to compute an average
hydrogen flowrate for use in mixture ratio control. The previous software monitored all
four coils on each engine (total of 12 per launch) against limits defining a "GOOD" or
"BAD" coil. Any identified "BAD" coil prior to launch caused disqualification of a
sensor coil pair (two coils) and a pad abort (STS-51 8/12/93 attempt).

The new software provides a flow reference computation to which gach of the four
coils can be compared such that "BAD coils can be disqualified one at a time. The
software permits one failed coil (on each engine) prior to launch without aborting the
launch, and the engine flies with three good coils. .

The revised flow validation software was originally planned as part of a new software
block update called OI-6. It's inclusion in OI-6 was a resuit of a similar sensor failure
in ground test in July 1992. The software was defined for OI-6 in Jan. 1993 and in
verification at the Huntsville Simulation Lab (HSL) at MSFC since March 1993.

The software modification after the STS-51 abort merely lifts the OI-6 flow validation
change already in verification for four months as part of Ol-6 and adapts it to OI-5
using the identical logic. Other non-related changes as part of Ol-6 would not
complete verification until November 1993 and precluded its use.

The revised OI-5 software has been exposed to all software verification requirements,
1185 total test cases including all hypothesized failure modes. The new verification
requirements match a new software version but really represent a second verification,
the first as part of OI-6. In addition, an independent assessment and audit is being
performed by MSFC. Certification will include three engine hotfire tests on a minimum
of two engines before committing to flight. One of those tests will include operation of
the engine with a failed coil to verify the software response and subsequent engine
operation simulating pre liftoff operation. Post equivalent liftoff will include an artificial
failure in the controller to validate the software response to that failure.

SOFTWARE CHANGE DISCUSSION

The software in use during the STS-51 Pad Abort launch attempt was designated
RRS902M0O1AAAA24. This software is also referred to as OI-5 version AA24 for the
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Block Il Controller and has been used on all flights since STS-52. The fuel flow
sensor qualification logic used in this version is the same as all prior Block I
Controller software versions. The requirements for this logic were derived from the
Block | Controller software requirements.

The AA24 fuel flow sensor qualification monitors are summarized in Figures 1 and 2.
The significant features of this version are the four different monitors that become
active at different times, the Inhibit (pre-start only) and resumable MCF responses for
the first failure, and the disqualification of sensors as pairs as well as individually. The
command from the Orbiter to shutdown on the pad originated from the MCF in the
failure response of the first fuel flow intra-channel failure prior to SRB ignition. This
test detected the output failure of sensor A2 when it differed from sensor A1 by more
than 1800 gpm for three consecutive updates.

Prior to the STS-51 pad abort, the potential for a fuel flow sensor failure was
recoghized and a software change was already in work for the Ol-6 software version
to reduce the risk, (Figure 3). The logic change had already been designed,
developed, and validation tested at the Huntsville Simulation Laboratory (HSL) at
MSFC. It was scheduled for STS-62 in February 1994. The only remaining effort was
completion of testing at HSL for other changes contained in the OI-6 version and hot
fire certification testing at the Stennis Space Center.

One of the actions of the Pad Abort Investigation was to initiate modification of the
AA24 software to include the fuel flow sensor qualification logic in the OI-6. All of the
requirement change, design, development, software test and hot fire test activities
were performed on a priority basis to produce a new OI-5 software version designated
RRS902MO1AAAA35 (AA35). The ECP for this change was approved and all required
lab and hot fire verification testing was successfully completed including a coil failure
simulation and power bus failure in hot fire, (Figure 4).

The purpose of the fuel flow sensor logic change is to better utilize the redundancy of
the four available flow sensors. The concept is to qualify the sensors individually
instead of in pairs and raise the failure responses up to the next redundancy element.
The result of this change allows liftoff if at least 3 of the 4 sensors are functioning.
The AA35 fuel flow qualification monitors are summarized in Figures 5 and 6. The
significant differences from the previous version are the deletion of the intra-channel,
inter-channel, and sensor reasonableness tests, the addition of a caiculated reference
flowrate value (Qref) for comparison with the individual sensors, and the elimination of
the Inhibit and MCF responses for the first failure of either the sensor qualification test
or the Pulse Rate Converter (PRC) update test. If this software had been in use when
the STS-51 #ud abort occurred, the failure of the flow sensor would have been
detected and reported by the PRC update test at about 3.0 seconds after engine start
but because of no MCF in the failure response, no shutdown would have been
commanded. The mission would have continued normally with the three remaining
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good sensors.

The modified OI-5 software version AA35 allows launch with one fuel flowmeter
sensor channel failure during engine start. This logic change also modifies the
qualification method of the flow sensor channels prestart. Instead of comparing the
intrachannel (A1, A2 or B1, B2) to be within 1800 gpm, the individual sensor channels
are qualified to Q reference and must be within 0 and 1800 gpm. Failure of the first
channel prestart will cause the controller to issue a report only FID, a MCF is posted
for the second sensor channel failure. Since a report only FID is not visible to the
GPC or ground system computers, a preplanned contingency procedure for launch
commit criteria (SSME-29) was established for STS-51.

This procedure monitors the fuel flow sensor channels manually. If the report only FiD
is posted during prelaunch conditioning prior to engine start and is caused by actual
fuel flowmeter motion as a result of tanking or MPS operations, then a controller reset
can be issued to clear the FID and proceed with the countdown for launch. It is also
noted in the procedures that a controller reset will cause the engine bleed valves to
close, therefore requiring a 60 minutes of continuous bleed flow prior to engine start to
maintain a proper start sequence. The countdown is to be scrubbed if the FID is
reported and is not related to the LH2 system because the failure implies an
electronics malfunction within the controller circuitry, (Figure 7). A FID occurring
between APU start and T-31 seconds will result in a launch scrub condition since
there is insufficient time for discussion. This procedure was accepted by the Shuttle
management team for STS-51 based on the relative MTBF's described in Figure 8.
Because of the possibility of false failure indications, an examination of the flow
measurement system failure modes was made to determine the possible meanings of
pre-launch failure indications. It was found in the nominal no-flow pre-launch
conditions that sensor and harness failures are not detectable. The only detectable
hardware failure is an intermittent failure in the controlier PRC electronics. It was aiso
found that propellant system operations during the pre-launch period could create
false failure indications.

In order for the software to distinguish between these failure indications and reject the
false ones, it is assumed that a qualification failure is not a PRC failure unless the
failure is persistent. If the failure is not persistent, sensor qualification strikes are
cleared and no failure will be reported. This logic was included in the AA37 software
because it minimizes the possibility of reporting false failures and the need to perform
a controller reset in order to restore a falsely disqualified sensor.

A revision to modify the software response to a resumable MCF for the first fuel flow
sensor failure prior to engine start is planned for the su: . 2quent flights. This will allow
the ground system computers to monitor for the MCF automatically and eliminate the
need for a manual monitoring of the launch commit criteria.
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Section 9.0

MTBF Comparison
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MTBF COMPARISON

FAILURE PROBABILITY (MTBF) IMPACT

Table 1 depicts the gain associated with the software modification. By allowing liftoff
with one of four sensors failed per engine the pad abort MTBF (best estimate)
increases from one in 92 flights (using all nine experienced failures) to one in 67,000
flights.

With the revised software, liftoff can occur with one sensor already failed. The vehicle
is then one failure away from Electrical Lockup because subsequent failure of the
cross channel Input Electronics would disqualify two more flow sensors. An
assessment of the probability of Electrical Lockup was performed to determine the
severity of this concern. Failure probabilities for the orbiter electrical power buses as
well as each engine controller must be considered Figure 1. One power bus failure
affects two separate engine controllers via their respective input electronics which in
turn affects two flow sensor coils each. One power bus failure will result in four flow
coil failures.

The results of this study are presented in Table 2 and indicates the overall risk of
Electrical Lockup increases from 1 in 827,000 flights to 1 in 536,000 flights. It was the
opinion of the SASCB that the reduced pad abort risk outweighed the increase in the
risk of Electrical Lockup after liftoff. This opinion provided the rationale for approval of
the AA35 software.
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Section 10.0

—

Hazards / FMEA CIL impact
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HAZARDS / FMEA CIL IMPACT

Disqualification of two fuel flow sensor channels during start is addressed as a cause
for vehicle commanded shutdown due to an MCF. This is documented in hazard
report ME-G6A (Abnormal Thrust Loads) paragraph 2B1. Failure of both sensors
(A&B) or one sensor channel (during prestart, start, or mainstage) and the cross-
channel |IE during mainstage are covered as causes for electrical lockup. This is
documented in hazard report ME-G4M (Loss of Thrust) paragraph 2B.

The software logic changes enhance safety risk by greatly reducing the probability of a
pad abort while maintaining a very low probability of attaining electrical lockup during
mainstage.

The FMEA/CIL has been updated to show the software related/engine effects of the
revised software logic. No additional failure modes were identified as a result of the
software change (Figure 1). These are reflected in the controller, harness and sensor
FMEA/CILS. The effects of these failure modes are already covered in Hazard ’
Reports ME-G6A and ME-G4M. There is no impact to the hazard analysis.

Intermittent fuel flow electrical output signals, resulting in off-nominal mixture ratio
operation, are also identified as criticality 1R failure modes in the FMEA/CIL(s). The
effects of these failure modes are already covered in Hazard Reports ME-G6A and
ME-G4M as "erroneous redline shutdown".
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Section 11.0

NASA Level-l and STS-51 L-2 Closeout Briefing
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NASA LEVEL-l AND STS-51 L-2 CLOSEOUT BRIEFING

The results of the team investigation were presented by Byron Wood to the NASA
Level | PRCB via telecon on 8/24/93 and to the Mission Management Team (STS-51

L-2 Day) on 9/10/93 at KSC. The investigation findings and rationale to fly STS-51
(OV103) were included in the presentation.

RSS-8912
11-2

RSS58912
12:7.83 96



I

ANAQLINO0Y

2-7 /15-515 £6/0/) b
Voe10l T 7087 c6(v2)8 -56/8/6—

NOILVOILS3IANI 1LHO8Y avd

1G-S1S

UOISIAK] SuApieNooy

feORBUIEY MO0 'ﬂ‘

97

-2



b202 08'2 ¢v02 ¢~

UOIBIAN] SUAPISHOOY

Yeot 05°\ et@e2 2- Fouone ss.miél%‘

2 Xy pg'e 9goz | -3W

Y8 Sonvigng vaydéy OL maIsIvaQ Ay
AQ3NDIS3A SY ISNOSIH FHVYMLIOS B TYIWHON NOILVHIJO INIONI

96 ® ¥S 'O-S1IS SIHDINd HOIHA € o
SANOO3S LEV2/S1HVIS 8 o

AHOLSIH HOSN3S MO14 13n4d

27s 5V @d/s SANOQ3S ¥E' 1+ LHVIS 1V NOILVIOIA
MOIHO TINNVHOVHLNI OL 3NA (JOW) FHNTV LNINOJWOD HOrviN

£€6/c1/8 LdW3ILLVY HONNV1 1S-S1S  »
1HV1S DNIHNA HOSN3S MOTd 13Nn4 -3 WOYH4 1Nd1NO ON

12 AWlsS

ANNOHODMOVE

AONVANNA3dY HOSNIS MO14 13N4 40 SSO1T Ol 3Nd L1408V avd

NOILVOLLS3ANI 1HO8YVY aVd LS-S1S

aNSSI

98



UOISIAK] SUApiendoy

JeuopeUIR}UY [l3MHO0Y 'ﬂ‘ .

<

€ diNa

> 44010
Hi IOV.LSNIVIN TYNDIS 1Nd1NO

YOI 10373 INILLIWHILNI »
Hi LHYIS
TYNDIS SHOSNIS 209r

£ LHV1S3Hd INdLNO TYOIHLOFIFON - | MOT4 13N Logr

ill-fe) dSVHd S3dON 34NV JINVN 1HVd | nH1
SINIWIHINOIYH T10/VIINL

99




LIS suLpreIoY

[SuUoRELIGILY JOMOOY '%‘ o

(SONOD3S) 1HV1S JNIONI NOHH INIL

o 02 01 | 0
¥ 1 1 1 1 1 + |
1NdLNO 2V \ umﬁumwﬂd |
MO 13BN _
S03S 051 @ 440LND INIDN3 L * .
2a
23S YL OAV 8 HOSN3S -
® VNOSIa
V HOSN3S ’ \g _
MOT4 13N+
DAV
24’19 MO14 13N MO — gHOSNIS |
1an4
N< —
OAV V HOSN3S|
W —
LV MO T13N4
008i>lea-1gl _
0081 >lev-1vi ] v HOSN3S
INOTIHO TINNVHOVHINI "SHOSNIS MO1d T3N4

V1vad HOSN3IS MOT4 14048V 1S-S1S

000’1

000

000’

000'f

000'S

000’9

000'L

000'8

000'6

(WdD) 3LvHMO14 13nd

000'0L

CAT1S\JVYR

100




382 =
L'y~

og'e -
d/s

SANODIS 1HVLS INIDNI WOHL INLL

UOISIAIg SUAplaNdOY

9 v (4 0

ELAEES R L T T ! p— jadiands | Y

........ i T L s ooz
RN T TIN\, %.
R AN -1 oov
\ r7s
; N ~1 009
/"
\ . Rt _ -1 008
\
e \ 03S vE'L | 000}
: Q3a1S0d 30N
. S z-am | 002
e N .
o2t €9 ( N oovl
g . 03S0SL | oog)
' o) — 2 ! NMOQLNHS
o'+ 39 ... . zan - oost
0+ 099—- -~ & : — 000z
e % JNONDOS : 0022
o B |

L ! 035 08'Z 1
Oo3St8E NMOQLNHS — Love
NMOQLNHS ——1 &N - 0092

Fan )

L -1 008¢
— 000€
002¢

TVNIWON FONVIWHOSH3d INIDN3

VSid °d O0W

JeuoRBLISILY HOMHOOY 'ﬂ‘

D-¥ESCIEALS

101




OXIDIZER
INLET

SSME SCHEMATIC

Rockwell International

Rocketdyne Division

FUEL FLOWMETER

0N

102



103

. AN N ownq i nea —
QQQ.V =17 XYW . S5%2 ol O\ U\.WJ.W \,\u@twﬂ ° JeuoREWIAI] lBMOOH 'ﬂ‘
7 R | Yo @

Vriqiog Ag

. szJU .3/40 .
-7 Y HOSN3S |
,modTEnd 2101y.L
” et o~/ N\~ N e
sder+sS +
ﬂl)JNS Z °

LA
Pevion ¢

@ NS/ NOWN ®

HOSN3S MO14 13N (€02 INIONI) 2-IN
1408V avd 1S-S1S



s " LNOAVI-MOM

uosia|q SuApIeNdoY

104

Z- 4 JQ— - V~ _acoww,Eww:_
d {-G3MN  TINNVHO 1S31 GNNOYD e IA\
\\ |
XN14 40 S3aNI
82000L V100  / 2 w..?m\ 250 gussve
JONVHYIT0 dIL \ / 3avis
\ ) gwmm:zmo
N 1avig
: : £90°0 OL 8+0°0 Y \ 7
0so00LOvo2 JONVHYITO .1%4« A |
TvHL3INVIA %)a ONIHOVOHddY
120°0 OL 100°0 L 30V
it N N TSI
~ vad
>34 D X7
2V IV 2gd  \R
=<= —-m-—
JANNVHO TINNVHO
ey A IStd
¥d 94> J#ENd 4912
NOILVYHIdO 40 T1dIONIHd ANY LNOAV
INFNIFHNSYIN MO14 13ANn4d |
) ) )



10:¢

b | Nd 2D =

NiW-did i/ SNIIO B
S35TND S X '/ it JBuofBLIRI} [PMYO0Y 'ﬁ‘
[~ 5] $a1\04D 2V HOSN3S LV HOSN3S :
d\d/ 290/ = e
=z

VIOV 39 = S

S
X = = |
AXgoeegs - O Ny
\ i |
11
i
005/ 50)0k D ¥ |
ronlaky S0 NG 031¥007 NO QILY50T |
AHOW3INW g} HILHIANOD (g J-( HILHIANOOD |- mwm.__..wu‘muo

H3LNdNOD ETR Y aLvy
asind asInd
quvo €31
NO @31vJ07

%~ | LndNINOLLYHENYD
ZH 005

) ) | )



o/

JHVdWOO
ANVIWWOO

a3xid

H3IMOd INIgHNL
13nd Lsnravy

H

"t uoRwg sukpieIdoY
[EUOREION M "BMYOOY

W

ZATS\DVH

(M7 °M)
(o] [o]

OILVH JHNLXIN

]

INVLISNOO 3HVYMIJOS
H3ILIWMOT4 T3Nd

A

SoIA

(Ze)

= Ao% 3LVHMO

SSYW H3IZIaIXo

S'vL +3d OON

)

»

+

(©0) INVISNOOD
3HVYMLJ0S

(visd) od
a3sNas

TOHLNOD OILVYYH JFHNLXIN FINSS

ﬁ

J1VvdMOTd 13nd
JHLIWNTOA

(WdD)

LA S LS SS SIS 7

|

(M) 3LvEMOH

(o3s1887)

% ssvw13n4

A

!

/
7
7

1nd.1lNo 38Ind
HILIWMOT4 13nd

L

A
2

]

(g1d/s870)
ALISN3Q 13nd

(Ho)
JHNLYHIdWNIL
13N

-

(visd)
'IYNSSIHd
1304

106




// . uoIBAIG suApIeNSOY

[euoReuIB) IRPMPOY 'ﬂ‘ .

SENEHESE 40 SSOTHOH dNMO0T TVOIHLOT 1T TOHINOD
S 100 29y

S)/00 P0VNlewioy oSw  OHIZ-L H3LHV STIOO IVNAIAIONI A4ITVNOSIA .

JHNTIVd ANV HO4 OH3Z-1 OL HOlHd NMOALNHS .

Wd2 0oL 'S4 Yool XV D 00002 2 NIW WD 000 »
OO3W OL SANODIS S'€ 'SLINIT SSINTTEVNOSYIY

Y VoUY JINNEY D Af/v/  ODIN OL SONOOIS §°€ ‘WdD 0081SIBreg-Brey]
WYY JANNEYI NALN[  SNONNLLNOD ‘WdD 00815[eg-tal ‘WdD 00815[ev-1v]

_
: g  -SLIAIN ZOm_m<mx,_OO .
o

01907 IHYM.LIOS HOSNIS MO |
" _ oy , . | r 1

) ) | )

107



_

2/

via 195

--ut— ,, 8G9° . "

s¢’

R

» SC'E

108

UOISIAIQ BuApIsoOY

JeuoREWU] [|OMHO0H 'ﬂ‘

AVMVY1ND 190-500.S34
dOSN3S MOT14 13and

)




£/

JOVHIAY
TOHINOD
dN

cd
JOVHINV &
19
(A
JOVYHIAV V >,

i VO SUAPIe OOy
JSUORBLIGIY |OMNOOY

3NION3 ¥3d SHOSNIS MO1413N4 2

8 YOSN3S

V HOSN3S

ANION3 ¥3d STI0D MOT4 13Nd4 ¥NO4

dOSN3S MOT1d 13n4d

109



+/

110

UOISIAN] BUApIeNOOY

JeuoRBUIaI| [lBMYO0Y Iﬂ‘

MEO'LLINVS 4

H3LHIANOD |
mh<mme:a.

a/v

- 40103130
GTOHS3IHHL

€661 ‘L1 4SNONY

WYHOVIA X001
11INOdIO MO14 13nd

H313W MOT1d 13nd




S3OVD NYLS d10dH

7/

s ed
€Sd = »
g 10
/s a3z
9Sd—
arsg veod
AdH AdY
ovd =]  ¥5d =
Y€ .o,
A 203 Al
(2~ ] ~ 1Td = Adird w=—
\A] ey v 108
AQdO AQdO dS1 LOdH
T o= 9T ) 0Cd ==
aw
><O....%m AOd4 804 AGd
Wod $Td o) 6T vl
YW % U
Aow AON M.t‘

02d = VT ....M. 2 —
-t

za d

oo

0Sid wey
d

od
691d =

\A L
oon
894d =

Vig a9
._.u_m..
v dwey

nQ did)
&Zid —

g dwe; n0
S
9Tid ™
vid
%0 d3dH
ovid =i
03Imols
¥ 95 10dH
"2id —i
viaol
LOdH
CThd e
v dg
AddH
Tid =

g dwe; by
0 oo
ps —
¥ dum)
HUM AOW
@ 1d Jeuny
B LddH
[LYAYT
Yid
"0 dod? ;
teid
Qa1
10dH
Teid =
03IMOoLs
Vi mo4 xey
1Chd =
adg
LddH
0C)d
vid
d Gdd
0Zid v
9104
1ddH

v de)
WM AN
iid =
Y ¥ id ARD
A dOdH | 15005 10dH
§91d = 0T1d =
vidiy Qdhwe)
945 peng BUM AOW
Hid — YLlid et
¥ id sury el
10 1d4dH WM AN
"’id— Zihd ~—
v dus) ug anwg
did ddd?
eCid = [ 10 -
a3ImoLs '™
8991044 | poun jOdH
stid ”wid —
40 Q
did g p
itid=——1. shid =~

B30V LHONA

A

051d = f

asmole
et x0
sid

Al ey

MSE

€9CE 1-SCLSY 901 vU)

|1

dwe ] ACO | duwel AJN dwey AJY

yr

et

111



S .

HITTOHINOD

g Isuueyg Joj inos9 jeedey

Apeey eleQ DUY

sng eleqg 3| v HO

|

jajng T

lelunon
ng-si

-

oiion
jonuo)n

T

lojaereQ
Bussoln
o187

L e1qeu3 DHd
.

1888y OHd

—
1

— 50010

Jeyng ¢—

1ejunoy
ug-st

d—]

aifion
lonuo)n

—

lojoeleq

 uosmg .e#SﬁE

[euonewIelu] [eMHOOY Iﬂ‘

cd

{
M
q
/m

S10}08Uu0)

/

g

1109

SHOSN3S
MO14

v

Buissoin

olez 34

Apeay ejeq oHd

seyoUMS

[eubls ise | zH 0pg —"—

WILSAS DNISN3S

<] af Of ©
[

A
10D

112



L/

ATIVINHON 31vH3d0O AVIN X

SINIWNOD ON

X
S3IA

378v10313d

S3HNTIV4 ON
S3HNTIv4 ON
S34HNTIV4 ON
S3HNTIv4 ON
S3HNTIvV4 ON

S11Nns3y

.._m_ZZ<IO HOV3 NO SL1INJHID HOSN3S H109 u_O >._.=U_Gm_.rz_ wz_s_mm._.wn_

4
I

S3HUNTVL INVAN3d3A 3HNLYHIdWIL
»JAIS MO NO SSOT ALINNILNOD
«3AIS HOIH. NO SSOT ALINNILNOD

1H08v-150d
1408v HONNV1-34d
8NYOS HONNVT-34d
8NYHOS HONNVT-34d
1NOXO3HO avd

. IN3A3
A3AOW3YH TVYNDIS NIHM S3Lvadn O4Hd ON

JANTVA 133HHOO HLIM HOSN3S Io<w 404 mw._.<on_3 OHd

JJZZ<IO HOV3 NO ._._DOE_O HOSN3S 3INO OLNI ._<2.w_m ZO_.r<mm_.._<O ZH Qdm ._.mmwz_

_ 3 ._.DOV_OMIO HOSN3S >>O.E 13and .

)

Uoi8jAK] suipieyooy

IeuoRBUa) om0y 'A‘

£6-€1-8
£6-11-8
£6-€¢-L
€6-91-L
€6-/c-9

31ivd

I

[

113



.

-y wary PariIosy ald -9

oy Sevionp dYWor £Q PI¥I \-Y _. ;
g ORI D Y e & vraaaano s iper
’ wz.ﬂ..u OMON 100 W) JeuoRewau] [oMO0Y 'ﬂ‘
W3T804d AON3IDI430 ; , OSH LY B
dIHSNYIIHOM NOIS3a 03131dWOD SHOIHD TYNOLLIGAY -

TIIMAGNOH 1V 03137dWOD BNILS3L
HITIOHLNOD T¥YNOLLIQaY:

Poa driey sopn0
SdWNV N O8-21 XY |4 NG| »
SHNG NIA ¢

ike]

A0 |-y
¥Yobbaw aas ¥

Cim passvd
| HOSN3S
3uNIv4 w»ﬂ% M,ww. wymn,.mu
29
IVOIHLO313 vm 0 S5V
| FroPPYy Py
™unatod [_]
]
o £ Q3LYI0IA LIAIM
ADIHD TANNVHO-VHLNI MO14 13N4
1V 2
o ad 2 3341 1INV

ez S PIIAS . 1H0AV HONNVT 1S-SLS

295 YOI /4SS  ZH--

)

114



& . L
_ , Y
- \%nw Mot Tand
1SS voe %2z
HIHSYM aN3 socoy  ((r1€00'0)orxD)
TWoE Jzveg  SYOUUTDMY 2
A NO A3ANVHLS
S3HIM Qv _
g3M 200°0 % , |
1SS oy
T 3031d 370d ,
anEnan ALMAXOdT
TNSIHAY AXOe
ol 52000
3dvl H3-¥1-443 WY040003
Oz NOLdW) VO DILOV.LNAS AXOd3
ot SR il \ s,
10 . ~oQ 9y W22
°\°¢N|QO » EENE)
%9L-NZ QPN RNAY ,
%SH-NO ey A
%SP-Ov LINDOVYIN
3zvyd S ODINTY
NO 9L100°0 DMV St 1IANOVYIN
0-21-Od TOSAH S1Hvd 56 S30Vd ¥ 1419
SNOOTIVIOHOIW S1HVd S BIL -G1IM MOVL SO0 ANNOM L3M

ONILLOd a3d10NW

£00-21-0Od TOSAH

J.dnﬂzw.p ™~ :V\_ M

AVMVYLND IOw—,me MOT14d 73nd N
SN . 7

115



e Eacﬂ_ﬁhﬁ“ Iﬂ
€ SNId .
v 1100
av3ai € NI
o/ —f | A TAMMN
NOILVOOT
AOVHO ONILLOd _ A
HOSN3IS MO1d 13N4 VIS-SLS N

~—r
R
g

116



117

s NOILVYDO1 1ivd
. UOISIAQ SUADISNOOY

feuoeway] jemooy

(lgoo*) »%xb 2¢
OWALS ) 3HIMQVET

SHH 00:v} €6/0Z/8

34dNTIV4 40 NOILLYOOT

HOSN3S MOT1d 13Nd VIG-S1S
) )




_ Cal-SE
— Qg Q o

9 02 ey euonEwIBI) flEMOOY 'ﬂ‘
g - og N5
ol b 23X\M

R TT)

AUNO8 AOOH MOHS IHVYMAHVYH ANV SISATYNY H10g .

SHIA3S 11 “(AXOd3 any
JHIM N33IML38 HLONIYHLS HVYIHS HOIH) aNOg3a LON S3OA 3HIM JHL 4l .

NOILVHVJ3IS TVIHILVN ONILLIOd INIAIHd OL HLON3H1S
AN31D144NS 3AVH LON S30Q IHIM ‘THIM 10D FHL SLOIASHILINI ¥OVHO JHL 4

JHIM FHL ONOTV ATIVOITOAD SISSAHOOH HO SANILXIT ADVHO

ANIWVYOIT AHVYOF.LNO IHL NI 3HNTIVL DNISNVD SSIHLS S3ISV3HONI VIHI LY
ONILLOd JHL NI IHIM Qv d3LYINSNI IHL 1V NOILVHINIONOD SS3HI1S

. ONILLOd 3HL NI S3SSIHILS
FUSNIL HOIH S3ONA0Hd HIAV1 ONILLOC HILNO FHL ANV 31ISOdWOD
ONIANIM JHL N33MLIF HOLYWSIN LN3IOI49300 NOISNVIX3 TVWNH3IHL

WSINVHO3I 34NTIvV4

VoIS suAprendoy

118



g8 , —~ 3&% W
M mz_._.._bn_

JAIM
9MYVY Sb _Zumo
S (o 1'2%%] 33v43ns
~ hal ) __ NIV
| vrwvy
. SIAIM
34IM IMY Sp >

I. o e
o

INIL10d

37314 10SAH SINIGNIM ﬁ\\‘\\\\ )
370d S3¥2 ¥43dd0J // . w/

SONIONIM | ‘ N
¥3dd0J . ONIL10d 10SAH

WSINVHO3IIN 3HNTIV4 HOSN3S MO14 13n4d
) )

)

119




b2

VOISIAI] SUAPIPHOOY

JeuoRewIa] jlamy0Y 'ﬂ‘

JUNLOVHY JTNLONA -3HIM av3l 1v HDNIANIM

4317134 NIVHLS ANZ NI Mv3HE 3HIM 1102 Q3WHIINOD
ONILLOd QaINOVHI G3LVOIIAN! NOILOIdSNI NMOAHVIL
4,45 ® AH3IAOD3H - (ZN71) SNOILIANOD

OAHD H3IANN HOAN3A LY 4Q3aLvIdnd 3dunTIvd

NMOGQLNHS 3INIONI ANV 3HVJINOISIW
d3sSNvI JHIM 10D N3IJO Q3Ld3L3anNn

(€)

(INJIGAVY) SIINTVINONY

ON d3MOHS LNOXMO3IHO HOSN3S LHOGVY 1SOd
dON3IND3S YNIavOol

OAHO HONNV13Hd DNIHNA AOHLIIW NOILD3I13A ON
SANVINONY ON GIMOHS 1HO9VY OL HOIHd
SNOILIONOD IN3ISNVY ® SLNOMDIHD HOSNIS ¢
3HNIV4d Ol HOIHd

S1IHOIN4 € DNIANTONI S3HI4-LOH 1N4SS3IONS £

ONIGVOT OAHD HO (INIIFGWY) LNOMIIHD
HOSN3IS ONIHNG g319313ANN 1Ng
Av3HE OL JHIM 110D a3sNvo S310AD
OAHO Q3L1vad3H HALIV HIMOHD MIVHI

@

S1INN a37Vd NI ANNO4 DNINOVHD ODNILLOd
S3HNLVHIMWIL JINID0AHD HIANN
ONDIOVHO Ol 318V1d3IOSNS TVIHILVIN ONILLOd

ONITIIHO OAHD OL 3INA Q3LVILINI
MIVHO ONILLOd HOSN3S MO14 13nd

()

viva

S1IN3A3

THL'HYN3OSLS

OIHdVN3OS 3dNTIv4

120



52

1S3L N1 Ivd
1831 *N1ivd
INJIGNY ® NIdO
INJIGWY ® N3O
1S31L3N1Iv4
INIJIGWY ® N3O
INJIGWY ® N3dO
INIIGWY ® NIJO
INJIGWY ® N3O

1HVIS
1dv1S
1HV.1S3Hd
1NOMO3HO
lHv1S34Hd
SANODJ3S 01
1HV1S3Hd

SANOO3S €6
NMOQLNHS 1SOd

(V15-S1S)
€6-80

¢6-20
16-¢0
06-01
68-80
l8-¢l
08-60
6.-01

6.-90

* uopeAig suApiewdOY

[eUORBLIAYY| [[eMNOOY ’ﬂ‘

LEVE
gl _
L1852
L682}
2gs
gLl
2se

651

€L

SISATVNY

a3alrd3aiaa
3ISVYHd

alva
3did LOH

SANOJ3S |slyvis

34id 1OH

ONILLOd @3XOVHO OL INA SIHNTIVA LINDHID NIdO HOSNIS MO14 113N

121



92

ﬂ“v QW : sssocs!‘g
wo G Gy
SuUeISJo'oON RBR 8 2 B 3
LR >R > dd - 131090
WP > W o & ZATS\OYR
€6 98 8L 92 €4 1L 99 29 85 IS v €F L€ 62 22 S2 22 02 8L 91 ¥IL ¢

oL 8 9 v 2 0
g g 1 I I A AR T A

:: i :_E l :__Em::: i T T ©

.

+ 2
| | i , <+ ¥
| - - 0bbl <7 | I |
Sgul—18bl (%) | . -
08b\ axd ) - —E T° m
s Brwdnor® gms 2 ¢ B 1 ol [© 2
2ndnox9 AVY WLNW § - — e T8 w.
v)
o - - 0l
ONIdNOYD gavd () : o
[3,]
L1INN @009 [ w _ — + 2
N3dO aIIvV4 S1avts VoV O\bb ] ° ®

SHIONASNVHL |12
Y -nd

AHOLSIH HOSN3S MO14 7and INSS

-
<

12



123

Lz geﬁﬂ_uﬁuﬂu 'ﬁ‘
suels
Ge 02 Sl (0] 8 ]
(4] §
1 g
- L o
5 \\ . 1]
! 4 ] =
F Z oL =
1 =
l
w
N
: 0001
S1HV.1S SA 491N
dOSN3S MO14 13n4d




w vV

we e

gvd 59 VML 28 ¢£.

8L YUVEVLS

m N UOIBIAKg BuAplaNd0Y .
. ’ . JeuopBUIBYU jlaMNO0Y 'ﬂ‘ .
NoorIS T8/% -18/2l w7 ogb\ wzZ*
.
vooroS 28/S-18/2n NI ! Y1 08bl x4 Wl | »
L- 3HMIV4 OL HOIMd SIHVIS XYW
€ dNOYD FONIS dVH NOILONAOUd HV3A S :3ION «
87 L SIA d1V/1109 MO1S 5/01 85 6 *p
245> S S3A dLlV/1109 MO1S s/oL 0121 0. >
3INON S3A VNI MOTS G+ IS 12 vZ
3INON ON IVNI4/TI0D MO1S 5/S g 0 z
3INON S3A NI T A o1s G+ £591 2y Vi
slavis|n> ¢ ON VNI aldvy g 0ZL e L
s3YNIVY | N33yos 13ATT JdAL H3GWNN | S1YVIS S1INN dNOYH
NOILVHSIA IvioL | aauid-10H
SIT0AD  TVWHIHL °N1

| ) !

)

SONIdNOHD HOSN3S MO

124



@N uoIsIANg SUAPYOOH

_ussusum.,__o;xSm ’ﬂ‘

SHOSN3S
LNINIOV1d3H €02

vi vese

vi G2se

S1HVvlsS H3IHWNN
, IVLOL IVIH3S T3INNVHO INION3

SHOSNIS 15-S1S

J ) )

125



“3

LoIsjANg suApiendoy
JeUORBUIBIU] |BMNO0Y 'A‘
a.034 Sy NAHD 1SIS3H
SHOSN3S ————— gany
30Vv1d3d Emon._dm__nmvw r
AONIONIINOD JHVYMLH0S
ONO0T ONIHLS
FTONIS HOSN3S
NOLLO33S 81/8 dOLS
AVOILSLLYLS Ol NOISID3a
HOSN3S 15389 Y JUVYMLIO0S
THHD NI JO3HO
HOSNIS OAHD
SHITIOHINOD T
SHOSN3S 1N3Qal XIHLVN S3yNIiv4
30V1d3H HO ViH3.LHO S3ATEVIHVA | g HOSN3S MO1d
3LVainva S3A Gz_ﬂmmw‘mcm 1s3ivavd HOIHd M3IA3Y

)

126

IS\IX301S

1-m




'8 . : : [eUOREsBYY JlPMYIOY 'ﬂ‘ :
SNOILVIHVA 1HV1S HO4 NOILYSNIdWOD LI JHVIS H3HOIH e

440LNO OL SANOD3S 0°'S WOHH WJD 0081 NVYHL SS37
SANOD3IS 0°'S OL S'€ WOHH WD 009€ NYHL SST1 »

18J0 OL G3HVYdWOD 1INNVHO TVNAIAIGN] ©

\ﬁlm.\mozmq —_ lmmc
A 8 8vv v G3ANYWWOO- M
QNQZS\SQDOQE +1 NO — QIONVWWOD
L Xepieog M

SNOILLVND3 dOO01T TOHLINOD OlLVYY JHNLXIW WOHL g3AIHIAA

T3AOW (4210) IONIHIAIH MO ¥V DNIGAY Ag
i FHMTIVL 100 HOSNIS MO INO HLIMHONNYT SMOTTV &

JONVHO 01907 IHVMLIOS MO TN

127



2¢

* UoK AQsuApeNOOY

[euokeuIRjU] [JoMHOOY

ALISN3IQ X 2y
IM + Od
FL0'9 = GNVWNOD HIN

=434 )

SNOILYNDI dOOT TOHLNOD OIlLYY IFHNLXIN WOH4 a3AIHTA =D e

(SNOILVIHVA
1HV1S) SANOD3S 0'S OL §'€ WOHH WJD 009€ NVHL SST7

3440.NO
OL SANODOIS 0'S INOHH ANV 1HVLS3Hd WdD 0081 NVHL SS3T »

NOILVINDIVO
MOT4 3ON3HI43H OL NOSIHVANOD A9 G3LVAITVA TINNVHD HOV e

FHNTIVd WILSAS ONISNIS 7100 MOTd INO HLIM HONNYTMOTIV o

FYNVHO 019011
- AdVML10S MOIHD HOSN3IS MO14 13and

W

128



£E

SLINIT SS3N3TEVNOSVYIN A3S0dO¥d
3Svavivad MO14 13and

g [EUOHBLLIBIY JfaMHOOY Iﬂ‘
(SONOD3S) 1HVLS INIONI WO FNIL
G'S S Sv 4 G€ €
. : v SANODJ3S §'€ — - “
SANOD3S 0'S ] n_oo._, JW 3S010) SANOD3S 9°¢ — L 000 M
; m
3 r
\ RL
000'Z- m
S——— — wo ™
REASR IR m
LW WAD 008)-1+J83 D 5
o 0002 3
| e o
LINIT WO 009¢-/+ J81 D s
— 000'f
SYILIWMOTA 713N4d LZ NO 3Sve FONIINIdXI NIW ANV XVIN ]
000'9

..

129



2]

w. ' uoIBIAIg SuAplaxdoY

IouoREU.BI [famfo0Y 'ﬂ‘

Abd 54 21 by Nt | J

N2 VO w\r%ymn\\ﬁq.w

13¢

201 °193713

Zv 3NNILNO
2a 1 a e Za ‘18 . V/N 1HVIS NI
24 ‘19 INNILNOD o 28 ‘L9 INNILINOD o SIW NI V-3
2V “IVNoSIq e 2V “IVNoSIa e V/N 1HVIS NI LV HOSN3S
29 2V ANNILNOD Z9 TV 3NNILNOD o SW NI 19 HOSN3S
Ig “IVNoSsIa 18 “IYNOSIa o . VIN 1HVIS NI LV HOSN3S
29 ‘L8 INNILNOD o 29 ‘L9 INNILNOD » SW NI 2V
2V "IVNOSIa o TV “IVNDSIA e 193443 ON V/N 1HVIS NI LV HOSN3S
Y3LIgyo
JAILDV 24 ‘18 IAILOV 248 ‘ig 3AILOV 28 A9 NMOQLNHS
TV HLIM HONNV TV HLIM HONNYT o ‘1@ HLIM HONNVI o 40N o
LV "vnoSsia LV "VNOSIQ 2V LV “IVNDSIa | 2V ‘IV “IVNOSIQ | 1HVIS NI LV WOSN3S
02 INO NO 3LVHIJO OL | IONVHD HOSN3IS MOT4 | DNIULS JT1ONIS S-10 5-10 IHNTIVS
NOILdO IHVML40S HLM S-10
v (€) (@) ()

(€) NOILdO AN3ININOD3H

SNOILdO FHVML40S
>m mmmZOn_mm_m 34NTIVd MOTd .._m:..._ |

._.
' ’

aLSUVAVLS



ST
SIHIYLS FTOAD HOMYIN JALLNDISNOD € FHINO3Y JUMIVY S1SIL SSINTTAEVNOSYIY ‘Od .
SHHYLS QIALVAdN OHd JALLNDIASNOD € SIHINDIH FHAVE 1S3L TINNVHI-VHINI .
. ANONIIHD HITIOHINOD HO JNONIIHD HOSN3IS DNIKNG JAILIV ION ()
UN-40W AJITVNOSIQ ¢ -3HNIIVY ONZ WdO 0081 > Nmn—.ﬂ. ZY=-LV]| o —_ al/s
40N ASIVNOSIQ ¢ -3HNUVE AS) 1831 TINNVHO- } 3l 014 % L] 1S0d
UN-40W AJITVNOSIA ¢ -3HNUVE ONZ NdD 0081 > |28-168 ‘[2V-LY]| ¢
40N AJITVNOSIQ o -3HNVE iSE 1S3L TINNVHO-VUINI 3L 074 13Nd o
a/s a/s
UN-40W AHTVNOSI » -3UNTHVE HLY a'ia'Tv'Ly) 180d
UN~40W AJITVNOSIa ¢ ~-3HNUVY QUe FT0AD HOVIN AH3AI 31vVadN 1SNIN DHd e
0N AAITVNOSIQ ¢ -3HNUYY GNZ'1SI (%6v<1d) 1S31 31VAdN HILHIANOD 3I1VH 3SINd »
WdD 0081 > |Z8-16°|2V-IV]
(S/N) JNXID0T TVOIHLITT13 HO (1HVLIS) NMOGLNHS » AS31 TINNYHO- 3l Od N .
UN-40N AdNVNOSIG » -3HNNVY ONZ
WdOD 0081 > |DAY 8 - DAY V| »
40N ASIIVNOSI ¢ -3UNTUVY 1S) 1531 T3INNVHO- I 3AVHMOTA T3Nd o J3s
a/s 05t+
WdD 000°02 > TE'LE'ZV'LY > 000'S » S/3
HUN-40W AJTVNOSIA ¢ -3HNTUVE HLY 1S3 SSINITBVNOSVYIH ALVHMOTL 13N4 o
(S/N) dMIDO0T TVYAHULIANT HO (LHVLIS) NMOGLNHS zg' a'zv'iv)
UN-40WN AdITVADSIA ¢ -3HNNVY QUE FTOAD HOMYW AH3AIZ 31VAdN ISNN OHd o
40N AJIVNODSIA ¢ -3UNUY4 ONZAS) (%6v<Td) 1S3L 31VAdN HILHIANOD 31VH 3SINd ©
(S/W) dMIDOT TVIIHLIITI HO (1HVLS) NMOGLNHS ¢
HUN-40N AdITVNOSIQ » -3HNIVY ONZ WdO 008l > |Za-19 ¢ N<|—<L .
Ete ) | AJIVNOSIa » -3HNTIvd ASL JS31 TINNVHO-VHINI 31 01d NENd o J3s y
8v'E+ S/3 .
UN-40W AdIVNOSIQ ¢ -3HNUVE HI1Y g'igzv'iy) S/3
. (S/W) IDOT TVIIHLIITA HO (LHVIS) NMOALNHS » FTIOAD HOMVIN AH3IAT 31vadn 1SNN OHd .
UN-40W AdITVYNOSIA » -3HNUVY QYE (%6p<"Td) 1S3L 31VOdN HILHIANOD 3JiVvH 3STINd ¢
FON ASHIVNOSIA «-3HNNVA ONZ'LSL
HN-4OW a/S N3Nd ‘SONYNWOD ¥-1NSd 133r3d ‘AdINVNOSIa ¢ -3WNVd aNZ WNdO 008} > ND-—&EN(L( [
40N LIBHNI ‘AJITVNDSIQ o -34NTVE 1S) 1831 TINNVHO-VHINI 31 04 13N o S/3a INSd
_ W
UN-40W SONVINWOD v-LNSd 103134 ‘LIGIHNI ‘AJITVNOSIQ » ~-3HNNVE ONZ WdO 008} > |ZB-19 *‘|ev-Lv] 1no
40N LIBIHNI ‘AJITVADSIG » -3HNIVY 1S) 1S31 13INNVHI- | 31 O 13Nd » MNJ3HID
QoM aN3a NID38
SN1ViS IASNOJS3H NOLLAHIS3a HOLINOW
INION3

Qoii3d HOLINOW

vcvv S-10
NOILLVIIdITYNO

dOLINOW 31VdMOT4 13nd

)

J9L°WTVYNDHAd

131



(MuaHOLINOW

¢

N

/s N3INd
'SONYWINOO ¥ 'E ‘2 ‘INSd

SONYWNOD
¥ '€ '’} NSd 103ray

AJNVNOSIa @ AJINVNOSIa © dMI00110313 @ NMOQNHS ‘A41YNDSIa @ 103r34 ANYNOSIA @ [ LigHNI*AJNYNOSIO @ | (WN-30W) IUNTIVS ONZ ®
AdNvYNoSIa @ AHVNOSIC © AdNVNODSIO @ AdNVNOSIq @ LIBIHNI"ASTYNDSIO ® | 1igiHNG ‘A41TVNDSIg @ (o) 3UNTIV4 IS) @
Ndo o008l > izg-1@| 1zv-1v!
AS3AL TINNVHO-VHINI
dMID01 10313 NMOQLNHS
‘ATVNOSIO @ | 'A4NVNDSIa @ (UN-40N) 3UnTIvd iS) @
0SE NdO 0081 > |3OVHIAY 8-V
AS3L TANNVHO-HILINI
AJIVNDSIO @ AdIVNOSIO ® (BUN-JOW) 3UNUVA HIY ©
dMI001 10313 NMOQLNHS
‘AJIVNDSIQ @ | 'A4NVNOSIO @ (UN-30W) 3UNIVE Qe ®
AJNVNDSIQ @ | A4NVNDSIA ® (4oMW) 3UN IV ONZ'1SL ®
0se NdO 000'0Z > 28 ‘18 ‘ZV ‘LY > 000'S
1831 SSIANTTEYNOSVYIH HOSNIS
AdvNOSIa e AJNYNOSI ®
Adnvnosia e dNX901 19313 NMOQLNHS (UN-JON) HNIVI HLY ®
AJNVNDSIA @ ‘AJITVNOSIO ® "AJVNDSIO ° {UN-J0W) 3UNWVI auE ®
AdNvNosIa e AdIVNDSIQ ® AdNVNDSIC @ (J0M) 3uNiv4 OnZ ‘iSL @
FT10A0 HOMYIN AUIAI 3LVadN 1SN DHd
(1dY %6¥ < 1d) .
00t - (%6¥<"1d) 1531 31vQdn HILHIANOD 31VH 3SINd
(10HLINOD 9d TYNOILHOJOUJ)
78]
(JOHLNOD 3d TVHOIINI)
ove SIN3A3
(HOLINOW NOLLYDLJITVND 31VHMO14 Ni93g)
(YOULNOD OILVH JHNLXIN 4001 a38070)  °° n.— S3INIL
09'E
1
ALISN3Q Q3axi4 @ QV3U 3NIONT @ NOMO=MD
HNY001 TYOIH103713 @ YNSd © H3ITOHINOD
FON3ND3S ILYNINYZL o DLLVANING 34YS TIv4 o] dNX001 DINVHOAH @ ENSd @ aNY Elefe]}]
dANG Y3ZIQIXO 1035070 SIAVA JOHd @  DONILIWN LSNYHL @] ALISN30 gaxid e 2NSd ® HOSN3S
AB-GNVIS ® 001 31110HHL @] TOHINOD IWVWHON @ HNATING LSNHHL @ NOILVILINI LHYLS ® INSd ® $30N10X3
NMOGINHS 1S0d NMQALNHS JOVISNIVIH lUvis NOLLYHVYd3YHd LHV1S 1NOMD3HD ASVHd
00'S

(b2VV S-10) HOLIM 3

W3lvH MOTd1and

132



8L TVNOU4d

Le
SIHHLS FT1DAD HOMVN JALLNIISNOD € SIHINDIY JUNNVY 1S3L I1vadn DHd »
SIMULS 03ALVAdDN DHd JAILNDISNOD € SIHINDIY FUNTVL 1S3L NOLLVISTIVND ILVHMOTY 13N ¢ (1)
HN-4OW AJITVNOSIA -3HNIVY Hivy
HN-JON Q/S N3N ‘SONVINNOD #-INSd 133034 ‘AJINVNOSKD  -3HNIV4 Qe NdD 008L > I9ID-(ZELETY'IY) > 0 @ — a/s
40N AJIIYNOSKA  -3HNTVd GNZ 4534 NOLVISINVND 31VHMOIE T3Nd o 150d
- AJNVNDSIA  -3HNUVY ASL
HN-4ON AdNVNDSIO -3HNTUVY H1vY
UN~4ON A4NVNDSIO  -3HNvd Qe (za'rg'zvLy) a/s a/s
40N AJNVNOSIA -3HNUVE ONZ TFI0AD HOFYIN AH3IAT 31VadN LSNIN OHd » 180d
——— AHIVNOSIA -3HNTUVY 1S (%6v<Td) 1S34 ILVAdN HILHIANOD 3lVH 3SINd ¢
WNdD 008L > 2ID-(2Q'LE'ZY'LY) > 0 o
UN-J4ON AJMIVNOSIA -3HNTUVE HIY 1531 NOLLYIIZNVND J1VHMOT4 13Nd4 »
UN-4ON dMID0T TVIHLIII ‘AITVNODSIA  -3HNTIVE QYe
40N AJINVNOSIA -3HNUVY AONZ a1 g'zviv) a/s S/N
- ANTIVNOSIA  -3UNTUVY 1SL FI0AD HO'YW AH3IA3 31vadn L1SNIN OHd .
(%6¥<"Td) 1S31 31VQdN HILHIANOD 3LVH 3SINd »
NdD 009€ > JID-(TA'LETV'LY) > 0 o
1831 NOLLVINIIVIID 31VHMOTS 13Nd »
HUN-40WN AJITVNOSIA =-3HNUVE H1Y 23S
arg'zviy) s 05°t+
HN-40N NMOQLNHS ‘A#TVNDSIA -3uNTvd4d Oue FI0AD HOMYIN AY3A3 J1VQOdN 1SN JHd o s/3
(%6y<"Td) 1S31 ILVAIN HILHIANOD 3Lvd SN *
40N ASITVNDSIA -3HNNMVEA ONZ
(zg'rg'ev'Ly) 038
——— AdITVNOSIG  ~3YNUV4 AS) FT10AD HO'VIN AH3IA3 31vadn ISNN DUd 8yt+ S/3
’ {(%6p<Td) 1S31 I1VAdN HILHIANOD 3JiVH 3STINd o S/3
HN-4OWN AJITVNDSIQ  ~-3HNIVY HLY
UN-JON Q/S N3Nd ‘SONVWINOD v-LNSd 123134 ‘AJNVNDSIA -3uNvd aye WNdD 0081 > J2I0-(ZE'LETVIV) > 0 @ ()
40N LISIHNI ‘AJTVROSIa  ~-3HNVY ONZ 1831 NOLLVIIAIVNOD I1VHMOTY 13Nd ¢ S/3 LNSd
- AJITVADSIA  -3HNTIVY 1S) .
NON o] 1no
NI3IHO
GHOM aN3 NIO39
SNivis FSNOJS3IH NOWLLAIHIS3a HOLINOW
3NION3

Qoiy3d HOLINOW

SEVV S-10
NOILVOI4ITvYNO

dOLINOW 31VHMO14 T13nd

)

133



134

(MU ZHOLINOW)
A4VNOSIC @ (UN-30W) IUNTIVA HiY ®
NMOOLNHS )
AJINVNOSIQ @ (4N-4OW) JBNIVL QU @
AJVNOSIO @ (4OW) YNV ONZ ®
AdIVNOSIQ @ YNV IS ®
05°€ NdD 009¢ > j0I0-(Z8'1LE°ZVY'LY) >0
1531 NOLLYDIHITYND 31VHMO1d 13nd
AdNVNOSIO @ AdNVNDSIQ © A4VNOSIO @ (UN-J0N) 38NIVS HIvY ®
OWO ¥-INSd 103r3Y NMOGLNHS SOWD ¥-INSd 103ray
/S NING'AVNDSIO @ A4NVNOSIO @ @/S N3Nd 'ANVNOSIO ® (4N-4OW) 36NV QHE ®
ASNVNOSIO ® AJNVNOSIO ® LIBIHNI "A4NYNDSIC © (40W) 3UNIV4 ON2Z @
AdINVNOSIa ® A4VNDSIO @ AdNVNOSIa @ 3UNY4 1SL @
NdO 0081 > JoID~(28"18°ZY'LY) > 0
1531 NOILLYDISITVND 3LVHMO 4 13nd
AdINvnosig @ AdNVNosIia e A3NVNOSIg ® (HN-40W) 38NNV HIY @
dM201 10313 NMOOLNHS
Adivnosig e AdIVNDSIO @ ‘AJIVNOSIO @ (WUN-JOW) 3UNTIV4 OUE @
A4NVNOSIO @ AINVNOSIC ® AJNYNDSIO @ (40W) 3BNIVI ONE ®
AdNVNOSIO ® A4NVYNDSIa ® AdNvnosia e 3YNNv4 IS @
(14l %6¥ < 1d) 310A0 HOMYIN AHIAT LVOdN 1SN DHd
00E {%6Y<Td) 1531 31vadn HILHUIANOD 31VH 3STNd
(TOHLNOD 2d TYNOILBOJOHd)
| Z4]
(YOHLNOD 24 TVHDILNI)
ov'e SIN3IA3
(HOLINOW NOILYOINVND JLVEMO1d NID38)
| 056 SINIL
(HOHLNOO OlLYH 3HNLXIN dOO1 03S010) ,_
09
1
ALISNIQ Q3XIJ @ AQV3Y INIONT ©
. HN001WVOId103713 e *NSd ®
JON3ND3S ILVNING3L e} 511 ywn3Ng 34vS vy @ SNHOOT DINVHOAH @ ENSd @ 3aon
dWNQ Y3ZI01XO ®]g3s010 SIAAIVA JOUd ® ONILINIT 1SNYHL @] ALISNIO Q3X14 @ EéNSd ¢ 3NON
AG-ONVIS ® 00L ILIOHHL @] TOHINOOD TWWHON @ [WNQ NG LSNHHL ® |NOLLVILIN LHVLS @ INSd ®
NMOQLNHS 1S0d NMOQLNHS JOVISNIVN lUvis NOILYHVYd3Hd LHVYI1S LNONIJ3HO 3SYHd
00's 00°0

J

(SEVV S-10) HOLINC )Y 3LVH MO 13N



2

UOIIAIQ sUAPIeNOOH

JeuoREusRI] [loMYI0Y 'ﬂ‘

ADOTONHO3L FONVAAQY HLINS/TISMAINOH/INAQLIHNOOH/VSYN o

£6/0€/8 A3131dNOD
AT1IN4ASS300NS IONVHO mm<>>._h_0w 40 LN3INSSISSV LNIANId3ANI e

1INV 3HYM140S
HLIM ZONVITdWOD NI A3LONANOD S1S31 T3A3T ITNAON TVNOILONNS e

(S)HOSN3S MO 13Nd a31iv4 OL ISNOJS3H ANIONI G3ANTONI e
NNYH S3SVO 1S31TVIOL G8LL e

(SLNIWIHINO3Y V101 6/1) ISH ® A3I4IH3IA ANV G31S3L
SLINIW3HIND3YH NOILYIIHIDAdS FJHVMLI0S AILVIOOSSY S-IO TV e

NOIS3A FHVYMLAO0S 9-10 40 LHVd SV d3IdIHIA ATSNOIAIHd o

NOILLVOIJIHIA FHVMLOS
II901 MO1d 13and

135



V (s1s3Le) <<<<
$ISp) S80I/ sanG3B bl €28 y

91-8

VA%

A A

¢8lS 9gss

JAY A_A

mm-m._.m <
1S-S1S 9§-S1S

- uotewq suApieyooy

[euoRewIO om0y I.ﬂ

Lyogy

- ZATS\OWH
NOILYOIJILHIO JHIJLOH 0SS

Od4SI LV NOLLYOIFIHIA TYWHOH
S-10 OL NOILV.LdvAVY HOSN3S MO 910

LidNv NOILYAIvA H3ad 1S31
NOILVOIHIH3IA 9-10 TWYWHOA

ISH
NOILVOIJIH3IA HO4 M/S 9-10 H3AN3A

LHOITd HO4 AQV3Y
NOILVAIMVYA HOd AQv3H

O4SW HLIM
SM3IA3Y 9-10

@1epen anz

alrlalnlolstyv Ty

’ ;
e Twly Tw T4 Ty

€661

136



— l¢ - UorelaNg suApieooy

[UOREUIBIU) fjaM)OOY 'ﬂ‘

HOSN3S (ONILLOd) NOISIA3Y .

(e6-1.£-8)

1A 6152 x 9692 AR 0220 181-b06
(c6-82-8)

00¢ 6152 « 9692 Lvd 0220 981-v06
(c6-22-8)

00¢e ZLoe S102 294 5102 £85-206
(D3S)” dENVHAD VNVHD 1IN Fiva)
NOILYHNA N/S HOSN3IS MOT14 H3TIOHINOD 3NIDN3I 1531

ZO_._.<0_n=._.m_m0 JHI410OH 3HVM140S _.m..w._.w

Nn:mzué

,.V.
ot

137



TAad

0SlL

meoltisod
et LGNS
OL Anvwweoy

any syes v

)

OO LV

(SANOO3S) LUVLS INIONT WOHS JWIL

ool

0S5
0

%oy 2a44y [2am1wy pAs t00zy A

—— dMIO0T ——P
IVIIHLO313

|\\ sllooza‘la I\\

rzcs\,;?%}g

»Nmmcé. g1'= )G-S1S +

afrpdn DJId

SANODJ3S v0°'€ ® A31S0d Lib-LLE ald
3HNTIV4 710D a3LvINniIs
0009

0220 ANION3
481-906 1LS31

00001

00051

slooeg’lg vy

4401nD (43IMOd aIAOWIY)
3NIONI JHNTV4 HITTOHINOD
TINNVHI SSOHD Q3LVINWIS

34dId-1LOH NOLLVOIJdIHIA 3HVYML40S

Nodo \\NY axnsSHe ¢
Po$a)9 2Re] 0N §INDNg »

S+4Miog) pHNo 2oy

Posiqq S+3A ohIMy AAQNH

: 83,5 sudpieyooy

: _as_ﬁssc_ llemooy 'ﬂ‘

JLoay
ZATS\OWH

(NdD) MO14 13nd

138



b

uorsiaNg sudpienooy

feuofBuLAU| [PMYI0H

mom>q<>/'

NOSIHVJWOO NOILVZITVILINI ONVINNOD 3ATVA o

GNVYIWINOD
NOILISOd
ANVANWOO

ANVINNOD
NOILLISOd
NOLLISOd

NOLLISOd
NOILISOd
NOLLISOd

(9-10) I M2018
(s-10) 1t Xo078

1 X00178

81

ANIWIHINO3IH dNHOOT
VOIH1031d AHVANVLS - AINIVINIVIN SYM ANV %1 A3N3dO 3ATVA

3SNOdS3H 3HYMLH40S TVINHON
d3d 3HINO3H SV NOILISOd 1AAH 3HL OL1 13S SYM ANVINNQD

JHN1IV4 H3IMOd 8 HO A3LVINWIS U314V d3"4NO00 1dIHS »

706 1S31 NO NOILISOd AOdO 3HL NI 1dIHS AHVMdN %

SISATVNV -
I VA3IAHISEO o

anssl e

NOILVZITVILINI NOILISOd 3ATVA
JHdVM140S II X004

)

OVH

139




_sanzbihaihnsﬁﬂu '4‘
_ 1HOINH .
.,
(6202) €3 15-S1S »%n_n_m ” i M”w”
[onic -
LI T - T 3
e T e . 0 =
" = " - lﬂﬂl m nil lvlm.z.lu Tﬂl mp g% | 20 W
+ H - n ] H n m ll e .
+ * tom ne LT T L ™ m . £ v 9
. + u+ " + +._l +++._I ﬂ+“ﬁ+ ¥ +++ l+++I++ m*trF 90 an
ﬂ +++ ” v * ¥ + ++ * 480 S
. + + + + + s Ly .nNu
* AT
(1eoe) 13 16-S1S - vl
- 9t
(v€02) 23 16-S1S - 8°1
c
ANVIWIWNOOD-NOILISOd

SVig ANVININOOD SIATVA HINHNG3Hd

140




141

UOKSIAK] BUAPIeNOOY

- | [eUOREIAY [foMPOY 4‘

8-HJ D0A 82

o# sz Y-HO O0A 682

BHO ZH 00¥

]

V-HO ZH oo¥

8HO D0A 62

Z2# D3N V-HO 2QA 82

8-HD ZH ooy

]

¥-HO ZH ooF

8-HO D0A 82

L# ONE ¥-HO O0A 82

@-HD ZH ooy

]

V-HO ZH 0o¥

HITTOHLNOD ANSS
J0V4H3LNI HIMOd TVvIIH10313




uaeng suipieooy

9
- ( PRSI ReAoPou '«‘ LY0ogv

ZATS\DVW

SINYIYS V0D Z Lo oIS L F
SHNINS J00 B < SHANUYS L Z < S J5AS somod o

INAINO] #977F < DNVNF INO NO G JNNY 9

cdj|ig cv| v cdlig A4 134 cd| g A4 04/ SHOSN3S

MO 13 MO13 MO 13 MO 3 MO 13 Mmoi3| MOTd 13nd 21
13n4 13n4 13n4 1an4] | 7and 73n4 JNSS

3| SHITTOHLNOD & |
V HO 8HO | VHD INSS

e e e s s T S s e

; ‘ ' W3LSAS
£ 'ON ¢ 'ON L "ON H3IMOd <z
| H3LIGHO

2/00t NS\
VA Ng2

INJWSSASSY NILSAS

142



143

g

LOISIAN) BUAPIBNIOY

JBUORBUIBIU| []M3O0Y 'A‘

QUM'EE-S Hd

(£2-S 37NY) S3INION3 H3IHIO
NO HOLIMS M3HO A9 d3LIGIHNI SLINIT 3ININA3Y e

(319va04d LSOW) VL HO STiY e

13X0Ng NI e

INIW3HINO3H dSdN XO1 HO4 103104Hd OL
Sdd MEc¢ < ALIDOT3A NOILYISNI 1V NMOOLNHS ATIVANVIN
39 1M INIONI MONLS - NOILVHVd3IS gdS

"314V dONVINHO4H3d FTOIHIA MOT S101d34d adv e

d3HINO3Y NOILOVY ON - NOLLVHVJ3S 84S
4314V JONVINHOLH3d J10IHIA TYNIWON SLOIa3Hd
H3LNdWOD (QYY) HOLYNINHILIA NOIDIH LHOEY e
LIGHO - 13M0NE H3L4Y ONV 1340Ng 3HO43d e
\ .

(VOV/OLV/TVNIWON) 3TLLOHHL MONLS INO - NO SINIDNI IFIHHL HLIM e

dM¥J0T 1vOIHIOT1d HO AAH HO4 A/S VNNV
€e-G I1Nd LHOITH



6666666

uoisiAig suApiexooYy

[euoReLLI0I] JfoMXO0Y '«‘

g TANNVHO NO 2 ANV V TINNVYHO NO 2 ‘INIDN3T Had SHOSN3S Od Q0N ¥ (8
g TANNVHO NO S ANV V T3NNVHO NO S ‘INIDN3T H3d STINNVHO HOLVYNLOV 0} (P
g TINNVHO | ANV V T3NNVHO | ‘INIDNI "3d STINNVHO H3TI0HINOO 2 (0
g TINNVHO NO 2 ANV V¥ 13NNVHO NO 2 ‘INIDN3 H3d SHOSNIS MO14 13and v (@
SANOD3S 026 Si LHOIM4 INO ‘ITOIHIA H3d SANIONI € (B

SO3S 3DAIHE 000°000°}

SO3S 3DAIH8 000°000°t

‘S310N

SHOSN3S Od OON

0056666°

S1HV 1S T3INNVHO 00002

S1S31 T3INNVHO 00002

SHOLVN.LOV

SY66666

S1HOIT4 00E6.1

SHNOH 006°G¢

TINNVHO H3ITIOHLNOD

6160666

S1HV1S 10J 10t}

S1HV1S 10D 0166

HOSN3IS MO1d 13n4d

Aligvin3ay

Jd491N

SNOILLVYTINOTVO AllNigva0dd HOd 3svav.ivdad

asvy

sS3HNTIv4d

AHOLSIH 34N71vd 3INSS

)

LN3INOdWWOOD

144



145

g RS pp—— '

S O0b Gz N orvN¥d T3 ) Jeuoijeuwsauy __wzc_oom. '4

NOITIIN =N

(31 TANNVHO SSOHD ANV | _.
4401417 340439 +) dNXDO1
TVOIHL0313 4401417 1SOd

. (44014171 H314V € 40
¢ ‘4401417 340439 L) dNXD0T
TvOIH.LO313 4401417 1SOd

(v ¥ 40 2) 1HOgV avd
JHYM140S S-10 a3i14Idon

(V4 ¥ 40 €) dNXMD01
IVOIHLO3T3 4401417 1SOd »

(v 21 40 1) LHOodaY avd o

JHVYML40S S-10 DNILSIX3

S0 b X 935 000'029 SANOD3S 000°08Y'2 ‘S1HVLS 0166 ‘S3HNTIVL 6 :3SVAVLva

/
S3lLITigvaodd 34niv4 .

._.0<._n__“=_920_._.<m0n_m_002_ JHVM1L4d0S
PV xInag 0LV - poming

suavts o, = (z1) % S NEZ OfS NNV = 3odf MO7
Tenan THI[9L2 28 Men/26 = ot | O o= o4 o dos Ys )
: v

) Strefrg Olbb NI SINWL L ¢ dnMen




I3

189°9€S NI | SI ¥SIY GINIGWOD TV.LO0L

000'62}

440141 ¥314v
Sivd 31 ¥3TIOYLINOD
» 13NNVHO SSOHD

4401411
FO434 Tvd STN0D
MOT413nd v 40 1

14¢

WoZ

000't6

4401417 ¥314v ivd
SHOOMOT413N4 €402

440141N
04389 vd STI0D
MOId1ENd v 40 L

w2 x92
We9

269X
000'€Z

SNE Y3MOd
FTOIH3A TINNVHO
SSO¥D 40 SSO1

9/e

44014N
0434 SN0 MOTd
T3Nd ¥ 40 1 4O SSO1

000°'92ZS‘L NI 1 GINISIWOD ‘IONVHO FHVMLIOS OL 3NA WS TYNOLLIaay

(| VA

V/N

44014171 ¥3.14V Iv4
STNOOMOI413Nd ¥ 40 €

_592%%0b
WrZ

SOC

44014171 J3.14V vy
STNOOMO1413N4 240 L

V4 STINNVHO
FAFTIOHULINOD 240 L

2SI X 2L = wo'l

VIN

i

ccl

ST109
MO 13N4 1INNVHO
SS0HI ¥ 40 | 40 SSO1

(=)

SESE]
Y3IMOd INDIHIA
€ 40 1 40 SSO1

Q¢vy 5 0m3
oM S anNIos
SNEd nwov3

000°2Z8 NI | GANISIWOD ‘IONVHO FHVMLIO0S

J344VNN S3AONW

Jd491N
I10IH3A

491N
ANIONI

daiin

aSNvI

/

IsnNvo

ANV Pag/puz

dNXO071 TVvOIR¥L1O3 13

FANTIv4 Is)

INJINSSISSV ALITIGVEOdd dNMOO0T

Bvisoviy |
_vlw SN




UOIBIAMQ SUADYSNIOH

JeUOHBLISIL HOMHOOY 'ﬁ‘
Lyodv
CATS\ DWW

3HNTIVH SOINOYH.LD313 ONISNIS MO1d TYNHILNI HITIOHLNOD e

1HVLS
3NION3 O1 HOIHd MO14 d3319 SNONNILNOD 4O SALNNIN 09

d33004Hd ANV HVY31D OL1 13534 H3TIOH1INOD :NOILOV

ONILOOHS
- 319NOYHL SdN HO DNIMNVY.L A9 A3ONANI NOILOW H31JWMO1d o

SASNVD e
a3193130 34NV4 41 A3AV1dSIa (Q1d) 3UNTIVE LATNO 1HOd3Y. e

ONIHOLINOW TANNVHO MO1d4 13Nd L1HV1S3Hd o

147

Vid311dO 1INNOD HONNVT




.m . UOISIAI] Sudpresooy
2 :

JeuoRewIaI jleM¥O0Y 'ﬂ‘

Lldd 13047001

AHOLSIH NVHO0Hd NI 3ONIHYNDIO ON »

SINIYLS IFHHL HO4 LINIT ONIAIIOXI ¥ITI0HLNOD
NIHLIM HO193130 ONISSOYI O¥3Z IHL 40 ISION LNILLINHIINI e

did ISNVO OL SIHIYLS FFHHL STHINDIY o

MOTd INION3
SEYNLSIA LYHL ONILLOOHS-319N0¥.L SdW HO ‘NO Q3NdNL

SI dANd J¥ID3Y SNIL IHL 1V ANY INION3 40 ONITIHD
TVILINI ONIHNA ¥NDD0 ATNO @T1NOD NOILIANOD SIHL *

XIS V.LvQA I1ONIS NI ONILINSTYH YILNNOD SdOLS
3dVvig 40 NOLLYLOY ISHIAIYH LNINDISINS ANY HILNNOD
1HVLS TIM dNXDId SSVd 3avig ¥3LIWMO14 40 NOILVYLOY e

LINIT NOILLVDIdITVYND 40
3ONVA330X3 NI LINSTFY AVN LVYHL SNOILLIONOD TVILNILOd OML

3LVOIANI LINJ¥ID HOSNIS MO14 ANV WILSAS 40 NOILYNTVAT e
SISATVNVY e

l
1OVdINI VI™ILIND LINWOD HONNV ,

(SEVV) IONVYHD 21901 N4 13n4

148



55

3AILOV 000°GEL NI |

O03an

HONIAMG SUAPASNOOY

JEUORBLLIGILY IOMHOOY '«\ N

o]} °)

NOILOV ON 000°002°Z NI |

o

oL O3S i1t-1

gnyos 000°008°L NI |

O3S 1e-1

o1 NIN S-1

(d31v134H SdW LON di aNYHOS

9GPy NI L

NIN S-1

Ol SHNOH ve-1

NOILOV

491N 1HOINS

JNIL

WNdO 0081>29>0

40N -3HNIVd Pue WdO 0081>19>0

WdO 0081>2v>0

did -34Niv4 ist WdO 0081>1v>0
1S31 SSIAINIT1GYNOSY

NOILO313a
FHNTV4 ON

34

3HNTIVL SOINOHLI3T3 MOTd T3N4 HITTOHLNOD 40 ALINIGVEOHd

NOILDO313a J1001
34NIvV4 ON M3N

Zaish

NdO 0081>{ca-19
40N 3HNTIV4 st WdO 0081>Icv-1Y
1S31 TINNVHOVYHL

NOILO313a

NI 34NvV4 ON

NOILD313a J1O01
3YNTIV4 ON aio

3SNOdS3H

SOINOHLO313
MOT4 13nNd

SHO1D3INNOD

® SSINYVH

H3ITIOHINOD

HOSN3S
MOTd 13nd

W3LSAS INJW3HNSVIN MOT4 13nd

NOSIHVdINOD J1ID90T1 HONNV13Hd

J1907T HOLINOW ONISNIS MO1d 1304




142

150

. =0;¥8m 'ﬁ‘ LYo8y

a A {

30V1d NI SINIWIHINOIY 0071 ISNOASIH dld ATNO LHOJIY e FoE
a3L31dNOD ATINISSIOONS S1STL NOLLYDIHILHID JHI4 LOH TIV
a313TdWOD ATIN3SSIDONS SLIANY B SNOILYIHIHIA FHYMLIOS e
002 40 HOLOVH AS ALITIEVEOH HONNV SIAOHJWI o

09 a311V4 INO HLIM HONNVT HO4 3OV1d NI SHVMLIOS GIIHION o

a31TTdWOD ATINASSIOONS MOIHD IONVLSISIH TI0D IWVIDIdS

S1INN 481N 3T8VHOAVY4 JHOW HLIM @30V1d3H SHOSNIAS C-IN »

100 dNXDId HOSNIS MOT4 0L GILVI0SI JUNTIVL o

LHOIT4 HO4 FTVNOILLYH
1408V avd 1S-S1S




S5

uoIsy. il Suiplaxooy

[EUORELLISIY |[oMO0Y 'ﬂ‘ .

3dN1Ivd HLHNOd Y314V 3SNOJS3H dNMO01 TvOIH10313 3INSSI o

1109 MOTd I1ONIS V NO
31VH3dO0 OL D190 FOVISNIVIN LNIWITdNI ® HOVOHddVY 3LVNIVAT e

(O3S €'2 - 1HVLS) 319VYN3 LHVLS OL dN HOLINOW .

1HV1S3Hd 3HNTVH TINNVHO
HOSN3S MO7d T13Nd 1S HOd 3SNOdS3H 40N 319VINNSIH ILVNIVAT e

89-S1S HOd SIYNVYHI JI1D07T MO 13N

ZATS\DVYK

151



s

UOISIAIQ SUAPYONOOY

feuoReWIaIU} [PMY0Y '%‘ N,

ZATS\JYH
$6/20 A8 (S13S INIONI ¥) 3HVYMALVH NOILONAOHd »
SHOLOIANNOD IDVAIVS OL SLINN ¥ JNOYHD A3H3AIT3IA NHNLIY e
MON INIWIHNO0OHd QY31 HONO1 IZIHOHLINY e

JONIHHNINOD D4SW HLIM NIMVL HIANN NOILOVY o

¥6/60 IHVMAYVYH NOILONAOYHd e
NOLLYAIIVA N9IS3a 93S 000G HO4 (€6/20) 1S3L NI SLINNOML e

SIVIHILVYIN 1VAIANVO 6 40 WVHO0Hd ONIN3IHOS NIWIOIAHS 1S3L e

ONIXOVHO TVNHIHL
Ol 31891Ld3ISNS SSAT TVIHILVIN ONILLOd MIN SILVHOJHOONI e

NODISIA HOSN3S MaN

152



LS

AVMVLNO-Q33dS dl4dH
1SS +0¢
— HIHSYM N3

S3AOVId ¥
OlL

OlL -TIM HOVL
voe

dvO N3 G200°0
: 3dvl
g3aM £00°0 - ~ NOLdWM
1SS woe
. \ _ ONISNOH
3
| \]
Nt

S3HIM av3l
%v2-ad

%9 -NZ
%S1-NO
%SY-OV

3Zvdd

%/ 1-NZ . NO 4S100°Q
%22-ND SNHNL 002

(OMY 9% ) g 0OINTY

L00-21-0Od TOSAH S1Hvd S6

JviaL - 1 aNovin
SNOOTIVEOHOIN SIHVA S o4gg-5y . STOO ANNOM LIM A
ONILLOd a3 TOW

SHH 0€:11 €£6/0€/Y

(3TVD2S X1) AVMYLND S80-6002S3Y

dOSN3S Qm.v_n_n_w dlddH

T .\\\E\E\\\ S LS LSITL LA IS g s T s .._..m z 0(5
W‘% ﬂv?dulﬂf//’/’l
! _ YT R A 1SS Hoev
Vs 0ATOL 5o
VL i .J..“.w”.....r-.r-.r-.....r-..-f-.r-).-.r-f. .. m>_wm_|—o<
NUE= : (¥1€00°0) OVXZ
L mvmoo.e
NO a3IaNva1s

g7vdg ~ £00-21-Od TOSAH HLV3HS -

153

uojsIAI] suAPIENDOH

JeuoReuseju} [leMYO0Y ’4‘

1SS v0e
ONISNOH

Hd-v1-443 WvOd40003
WYOd DILOVINAS AXOd3




uOISIAI] SUAPIENIOY

[euoyeuIaY] [OMOOY 'A‘ .

. H3TIOHLNOD
JHL HLIM ONILYNIDIHO SINIWIHNSYIW HOSNIS HOS ‘Q3HOLINOW
ANNOYO ANV HITIOHLNOD HLOE ‘ONIHOLINOW 997 40 SSOT AHVHOMWIL

XO3HO 40 NOILYHNA HOA SHOSNIS NOILVYHEIA ANV MO
'd33dS "UNLVHIdWIL ‘JHNSSIHd TV NO SONIQYIH 3STV4 LNO SINd o

S3OVINVAQYSIQ -
SHOSN3S MO14 713N HOH ('XOHddVY) SONOOIS 01 SIHINDIY
AINO SHOSN3S MOT4 713N4 OL LNOMO3IHO 101H1S3H
NOILVZITIEV.LS TUHO Y314V €-NSd NI ONVAWOO NO LNOMO3AHD WHOLH3d -«

1

_ zoonnE Lo

€-NSd DNIHNA LNO}OIHD HOSNIS DNINHOSHId

) )

154



155

LOISIANg SUAPIINOOY

s . , ._a_conaswg_ llemyooy '4‘ .

. 3HVM140S ANNOHD
ASVIN LSAN - ¥O3HD 40 NOILYHNA HO4 ALNIGISIA 001 40 SSOT .
NY3ONOD o

JONVHO 319071 MO14 13N4d d3S0d0Hd
3HL NVHL X31dIWOD FHOW 3ONVHO 3HVYMLI0S 3HL 40 3d00S .

310344V SW3ILSAS
ONISS3IO0Hd HONNVY1 OSH ANV IHVYMLI0S HITIOHLNOD INSS HLO0E .

SNOILVIIdIGON JHVYMLH0S LNVIIHINDIS STHIND3IH .
ATNO SHOSN3IS MO1d OL LNOMO3IHD 10141S3Y .
SHOSNIS 3HNSS3Hd 40 NOILVHEITVO3d SSVYdAg .

31VIHdOHddV SV ODNIHOLINOW SIW31SAS AHVTIIONY ANV
39HMNd ANV DNIHOLINOW NOILVOIH4ITVYNO HOSNIS SSVdAL .

£-NSd NI 3719V.Ld300V ANVINNOOD INVIN .
L i
SFONVHO HITIOHLNOD WSS, »

€-NSd DNIHNA LNOMOIHD HOSNIS WHO4HId |

Ve '
the ) . ! ;
C, A _ _

) ) | )



uotsiAIg suAprasooy

- : ) [eUORELLI} JPMPOH '4‘

4401417 H314v 4401417
STIvd 31 H3TIOHLNOD 340434 Tvd ST10D
TaNNVHO SSOHO MO T13Nd v 40

44014 Y3 ldv TIvd
SO0 MOTI41aNd v 40 €

4401417
340434 vd4 ST0D
MOT413Nd v 40 |

440141 4314V ivd
STHNOOMOT141aNd €40 ¢

440141 4314V vd V4 ST3INNVHO
STNOO MOT413N4240 | 31 HITOHINOD ¢ 40 |

SNg H3MOd 4401411
VN F1OIH3A TINNVHO 340438 ST7100 MOd
SSOHI 40 SSO1 13N4 21 40 1 40 SSO1

S7I00 S3asng
WO’ V/N MO14 13Nd TINNVHO H3IMOd FT10IH3A
SSOHO ¥ 40 | 4O SSO1 € 4O | 40 SSO1

TIVd SHOSN3S Od OO , S7ivd SHOSN3S

00000 | 000°006 TANNVHO SSOHO 2 40 } Od DOW 240 |

Jd4l
INIONI asnvo 3IsNvI

3JHNIVd pig/pue Juniivd isg

dN)2071 1voI4.10313 |
INIJINSSISSY ALITIGVE0Hd dNXMOO0T

156



19

000'6.}

SIv4d 30 H3TIOHLNOD
13NNVHO SSOHO

157

uotsIg suipraxooy

[eUOREWISY] loMXO0Y 4‘

44014N Y314V 1v4d
SHOLVNLOV 0L 40 |

000'2

J1v4d SHOLVNLOV
T3NNVHO SSOHO 01 40 |

SNd H3MOd
JT1OIH3IA INO 40 SSO1

000'Y

V4 SHOLVNLOV
T3NNVHO SSOHO S 40O |

440141 4314V 1Ivd
SHOLVNLOV SdO |

Sve

a34INO34H 1ON

4401411
H3.Lldv 3HNTIvd Ndv

J9.1N
JFT0IHIA

d91W
dNION3

asnvo

3IsSNvI

JHNTIvd pig/pue

dNX2071 OINVHAAH |
ININSSISSY ALITIGVE0Hd dNXHI0T

3unTivd ist




Section 12.0

Appendix

RSS-8912
12-1
RSSSTS51

102083 158



Honeywell

Space Systems Division

Honeywell Inc.
13350 U.S. Highway 19 North
Clearwater, Florida 34624-7290

813 539-3273
813 539-3347 Fax

09 September 1993
CEL-K-472-1108

Rockwell International Corporation
Rocketdyne Division

6633 Canoga Avenue

Canoga Park, CA 91303

Attention: Mr. R, E. Bartley

Subject: SSMEC DEPOT P.O. R90SPA89550074
Customer Engineering Letter - 3-SSEC-2332

¥  F42 HEALTH CHECK

Gentlemen:

Under separate cover, we have forwarded four (4) copies of the subject CEL, in

response to the above reference, to Mr. R. Precourt, one (1) copy to Mr. G. Brown

and one (1) copy to Data Management.

Should you have any questions, please contact the undersigned at 813-539-3273.

Yours truly,

Contracts Specialist

CEL/mnr

cc:  R.A.Precourt - PA19 (4)
G. Brown - PAO5 (4)

Data Management - Rocketdyne - AB16 (1)
T. McLeod - Rocketdyne Resident - 848--5 (2)(Internal)
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Rockwell International
Rocketdyne Division
6633 Canoga Avenue
Canoga Park, CA 91303

Attention:  R.A. Precourt, Project Manager
Avionics Subcontracts/PA-19

Subject: F42 Heaith Check

SUMMARY:

F42 completed all testing without incident on August 28, 1993. It was returned to
Honeywell for a health check on August 25, 1993. This unit had reported a Channel A
Q1A2 Flowrate failure which resulted in a launch abort. Health check included special
tests specifically designed and performed to verify the isolation and integrity of the
Q1A2 flow signal channel. Environmental exposure was performed with an
oscilloscope monitoring the Q1A2 flow signal channel at all times; this included three
thermal cycles (one cold start, two high voltage) and 69 minutes of vibration. Pre and
post environmental Automatic Test Equipment System (ATES) functional tests were
also performed. Worst case analysis determined that a short from an adjacent signal
path would result in a maximum current six times less than the current required to fuse
the Q1A2 flow sensor coil. Health check revealed no deficiencies in the performance
of F42. Analysis revealed no viable failure scenario which warrants any concern for
the integrity of F42, '

CONCLUSION:

Since F42 experienced no failures during the STS 51 launch abort and based on the
successful completion of the health check, F42 was returned to Stennis Space Center
on September 2, 1993.

ANALYSIS:

Review of the internal controller wiring showed that the +15V signal paths were the
highest regulated voltage sources adjacent to the Q1A2 flow signal path. No
unregulated voltage sources are in the proximity of this path. It was then determined
by worst case analysis that the +15V sources could supply no more than 79 mA if
shorted directly to the Q1A2 flow signal path. The resulting current is six times less
than the current required (500 mA) to fuse open the coil in the Q1A2 flow sensor
(based on a 190 Q coil resistance at cryogenic temperatures). At room temperatures
the resulting current (12.8 mA) from a short would be thirty-nine times less than the
fusing current of the Q1A2 flow sensor coil (1170 Q at room temperature).
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INVESTIGATION:

F42 was received on August 25, 1993. A visual inspection ("*OK") and internal
pressure check (8.5 psig) were performed. Routine cleaning of the controller and
connector mating surfaces was omitted, connector savers were installed. Electrical
bonding of Outboard Cover to chassis (0.06 mQ) and Inboard Cover to chassis (0.05
mQ) was verified. This completed incoming receiving inspection. No anomalies or
deficiencies were observed.

A baseline pre-environmental ATES functional test was performed without incident.
Flow signal channel data was reviewed and compared against data from previous
ATES functional tests (see Table 1). No discernible change in the test data was noted
in this comparison.

Flow signal Channel resistance was measured using a hand held Fluke as follows:

J107 AwrtB Fuel Flowmeter Ch A (Q1A1) PRI * 632Q
J107 B wrt A Fuel Flowmeter Ch A (Q1A1) PRI - * 587Q
J107 C wrt D Fuel Flowmeter Ch A (Q1A2) SEC 82.38 kQ
J107Dwrt C Fuel Flowmeter Ch A (Q1A2) SEC 69.68 kQ
Ji08awrth Fuel Flowmeter Ch B (Q1B1) PRI 82.25 kQ
J108 b wrt a Fuel Flowmeter Ch B (Q1B1) PRI 69.68 kQ
J108 W wrt Fuel Flowmeter Ch B (Q1B2) SEC * 592Q
J108jwrt W Fuel Flowmeter Ch B (Q1B2) SEC * 633Q

(500 Hz FET Switch, DG184 IE3)

A flight-type flow sensor (P/N 148AL, S/N 545) was connected as follows to perform
fault insertion test and thermal cycle testing of the Q1A1 and Q1A2 flow signal
channels.

Sensor Controller
Pin 1 J107 A
Pin 2 J107 B
Pin 3 J107 C
Pin 4 J107 D

161



LE£.L. NUMBER 3-SSEC-2332-Rev.

9 September 1993
Page3of4

FAULT INSERTION:

Short J107 A to J107 B .While running in Group 1 Sensor mode
Short J107C to J107 D While running in Group 1 Sensor mode
Short J107 A to J107 B While running in Normal Sensor mode
Short J107C to J107 D While running in Normal Sensor mode
Open J107 at While running in Group 1 Sensor mode
Open J107 at While running in Group 1 Sensor mode
Open J107 at While running in Group 1 Sensor mode
Open J107 at While running in Group 1 Sensor mode
Open J107 at While running in Normal Sensor mode
Open J107 at While running in Normal Sensor mode
Open J107 at While running in Normal Sensor mode
Open J107 at While running in Normal Sensor mode

OOWr»oOw>»

Controller responses to the above fault insertion test were correct and as expected.

The flight-type flow sensor was removed to perform a manual input filter test for Q1A2.
This manual test verified the low pass filter has a roll-off frequency of 127 £ 32Hz. In
addition, data from the ATES functional test of 11 June 1992 was compared with the
pre/post environment ATES functional test. Results are below:

S/11/92(ATES #1)  8/26/93 (ATES #2)  £/28/93 (ATES #2)

Q1AT1 filter Roll-off 131 Hz 120 Hz 122 Hz
Q1A2 filter Roll-off 127 Hz 122 Hz 126 Hz

With the flight-type flow sensor re-connected to F42 the thermal chamber was ramped

to -450C. All temperature ramps were performed in the Group 1 Sensor (GR1S)
checkout mode. This allowed virtually uninterrupted monitoring of the 500 Hz test
signal (J107 A wrt B, J107 C wrt D) with the digital oscilloscope set to trigger on any
changes. No voltages were seen to have been generated by the controller on the
Q1A1 or Q1A2 inputs on the flight type flow.sensor. F42 was powered-off for a four
hour cold dwell. A cold start was then initiated and the Controller completed the first
thermal cycle without incident. This concluded testing with the flight-type sensor.

All three axes of vibration were performed with a profile of 10 minutes at -3dB (GR1S),
3 minutes at 0dB (Environmental Command Sequence(ECS)) and 10 minutes at -3dB
(7 minutes in GR1S, 3 minutes in ECS). The 500 Hz was again continuously
monitored at the Controller checkout console (CCC) test point panel (J107 A wrt B,
J107 C wrt D). F42 completed the 69 minutes of vibration without incident. (Note: The
OdB vibration level is the normal controller acceptance test level vibrat'- 2
environment.)

F42 was returned to thermal chamber and successfully completed the second (high .
voltage) and third (high voltage) cycles with the Oscilloscope monitoring the CCC test
point panel as before. The GR1S mode was again commanded during all temperature
ramps to provide additional exposure to any flow signal channel failure mode. No
anomalies of the 500 Hz were detected by the oscilloscope.
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A post environmental ATES run was completed on 28 August 1993. Flow-signal

channel data was compared with a previous ATES run on 11 June 1992 (see Table I).

No significant shifts were observed.

In summary, F42 passed all phases of health check. Worst case analysis and special
testing with the flight-type sensors verified the integrity and isolation of the Q1A2 flow
signal channel. F42 was shipped to Stennis Space Center on 2 September 1993.

Prepared by N. Bier

o /M 9/2/73 *'

M. Kert C.E.Lee
Program Manager Contracts Specialist
Space Shuttle Main Engine Controller Space Shuttle Main Engine Controller
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TABLE |
F42 ATES Flow Channel Data

A
MODULE 514 - IE Flow Signal Channel Test
11-Jun-92 26-Aug-93 28-Aug-93 LOW LIMIT | HIGH LIMIT
12Hz/.15V Q1A1 6c83 6c84 6c82 6ab5 6e17
12Hz/.15V Q1B1 6c7e 6c83 6¢c7d 6ab5 6e17
12H2/.15V Q1A2 6c85 6c88 6c83 6ab5 6e17
12Hz2/.15V Q1B2 6c7b 6c84 6¢c7e 6ab5 6e17
340Hz/13V Q1A1 03d4 03d5 03d4 03d2 03d6
340Hz/13V Q1B1 03d4 03d5 03d4 - 03d2 03d6
340Hz/13V Q1A2 03d4 03d4 03d4 03d2 03d6
340Hz/13V Q1B2 03d5 03d4 03d4 03d2 03d6
4Hz/1V Q1A1 fff 0000 0000 0000 ’ it
4Hz/1V Q1B1 0000 0000 it 0000 fiff
4Hz/1V Q1A2 0000 ff 0000 0000 fiff
- 4Hz/1V Q1B2 fiff 0000 0000 0000 ffff
MODULE 515 - IE Flow Input Independance Test at 12 Hz
11-Jun-92 26-Aug-93 28-Aug-93 LOW LIMIT | HIGH LIMIT
Q1A1 with Q1B1 029B 029A 029B 0292 02A2
Q1A1 with Q1A2 029B 029A 029B 0292 02A2
Q1A1 with Q1B2 029B 029B 029A 0292 02A2
Q1B1 with Q1A1 029A 029A 029B 0292 02A2
Q1B1 with Q1A2 029A 029A 029A 0292 02A2
Q1B1 with Q1B2 029A 029A 029A 0292 02A2
Q1A2 with Q1A1 029A 029B 0298 . 0292 02A2
Q1A2 with Q1B1 029B 029A 0298 0292 02A2
Q1A2 with Q1B2 029B 029A 029A 0292 02A2
Q1B2 with Q1A1 029A 029A 029B 0292 02A2
Q1B2 with Q1A2 029B 0298 029A 0292 - 02A2
Q1B2 with Q1B1 029B - 0298 029B 0292 02A2
"\\_/.—‘
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Internal Letter ’L‘ Rockwell International

Date: . 30-August-1993 No: . 93-PS-107-112
E‘Vfi TO: (Name, Organization, Intemal Address) FROM: (Name, Organization, internal Address, Phone)
G.H. Skopp & J.L. Pennock - P.J. Brzeski
Depts. 709 & 477 . Dept. 107 - AC58
Canoga-Rocketdyne . Canoga-Rocketdyne
. 586-6642

Subject . STS-51 Abort Team Action ltem #30

The STS-51 abort on 12 August 1993 was caused when the channel A fuel flow sensor on
Engine 2033 failed the fuel flow intra-channel (A versus B) qualification limit check. During the
initial investigation it was wrongly assumed that fuel flow sensor #1 as listed in the ACTS
database was the channel A sensor. Paperwork listing the serial number of the #1 sensor as
the failed unit was prepared in order to expedite the failure analysis. When the channel A
sensor arrived at the vendor (Rosemount) the wrong serial number was on the Rocketdyne
paperwork. In actuality the #1 sensor is channel B and the #2 sensor is channel A. The #3
sensor is not used during flight but is installed on the engine.

The three fuel flow sensors are currently listed in the ACTS database as follows:
Fuel flow pickup #1 (LRU code J601)
Fuel flow pickup #2 (LRU code J602)
Fuel flow pickup #3 (LRU code J603)

It is requested that the part names be changed in the ACTS database to more accurately

N reflect the sensor channel postions as called out in the Main Engine Controller logic. The LRU

codes will not change.

from: Fuel flow pickup #1 to: Fuel flow sensor CH B
from: Fuel flow pickup #2 to: Fuel flow sensor CH A
from: Fuel flow pickup #3 to: Fuel flow sensor NFD

Even though the MCC Pc sensors #1 and #2 are channels A and B, respectively, in order to
maintain consistency the part names should be changed as follows:

from: Main chamber press sensor #1 to: Main chamber press sensor CH A
from: Main chamber press sensor #2 to: Main chamber press sensor CH B

As with the fuel flow sensors, the LRU codes will not change. The channel A sensor
LRUs are J201 or J231 and the channel B sensor LRUs are J202 or J232.

Paul Brzeski ’
SSME Flight Support Team

cc:
J. Rivetti (AB08) B. Wood (ACO04)

- A. Hill (PA07) K. Kan (AC58)

St G. Gilmartin (AB32) D. Hausman (AC58)
P. Seitz (AC58) STS-51 Abort Team Files (AC58)

Form 131-R(CG) New 12-92
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